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1.0 Objectives of Research

The objective of this project is to evaluate the movement of metals in karst
aquifers. Specifically, the project focuses on the carriers of metal contamination, metal
accumulations and storage reservoirs, and temporal variation through storm events. Our
- approach had two components: determining chemical variability and transport in spring
water during storm events, and evaluating the storage of metals in karst spring sediments. -

. The test site for these investigations was the Fort Campbell Army Base in western

- Kentucky and Tennessee. This site was chosen because it illustrates the principles to be
tested in this investigation and also because results would be of immediate use in
environmental assessments now underway at Fort Campbell. The results of ground water
basin delineation and other characterization of the site were generously made available to

 this project. The region lies of the western Highland Rim of the Nashville Dome and is
underlain by the near-horizontal limestones of the Mississippian St. Louis and Ste.
Genevieve formations. The ground water drains through a series of springs to several
tributaries of the Cumberland River. ’

_'2'.0 Summary of Important Results
21 Carbpnate Chemistry |

The response of springs to storm events constitutes a useful probe of the internal
structure of karst aquifers. Specifically, information can be gleaned by comparing the
chemical response (chemograph) with the discharge response (hydrograph). Bulk
chemical response was determined by continuous conductivity measurements for six
springs at the Fort Campbell site. The chemographs lagged the hydrographs for some
springs and the recession period was often longer for the chemographs than for the
hydrographs. Detailed chemographs for two of the springs were determined by chemical
analysis of samples collected over short time intervals during a storm event. The calcite
saturation index (SL:) and carbon dioxide partial pressure were calculated for each
samples using the MINTEQ aqueous chemistry program. In both springs the CO,
pressure increased during the chemograph recession suggesting that the input of diffuse
infiltration from the soil zone is important during this period. The addition of the high
Pcoy water at this time causes a corresponding decrease in the calcite saturation index.
The result of this correspondence is that the lowest SI, observed during the storm event
occurred during the chemograph recession and lagged behind the hydrograph recession.
Hence the discharge of the most aggressive spring water lagged the period of rapid
chemical change. It appears that the full chemograph, specifically changes in CO,
pressure, reveals details on the mixing of water in the conduit system with water from
fracture storage or dispersed infiltration. The full details are given in Appendix 5.1.

2.2 Metal Transport , :

Contaminated ground water often escapes conventional monitoring techniques in
karst aquifers due to the localization of flow in solution conduits. An alternative
- approach successfully used in such locales in spring monitoring. Metal transport




typically occurs in association with particulates. Hence in karst aquifers, where the
transport of sediments varies with storm flow, the associated metal concentrations can be
expected to vary likewise. This portion of the project was directed toward determining
metal concentrations in spring discharge and how these metal concentrations vary both
with discharge and with turbidity of the springs. ’ ‘ ‘

- Aqueous samples were collected from three of the karst springs at the Fort
Campbell site. The samples were collected spaced at short time intervals during and
immediately after storms. Approximately 100 samples were collected in five sets over a
two year period. Each sample was split into two aliquots. One was digested to reflect the
“total” concentrations including any metals adsorbed onto suspended particulates. The
- second was filtered through a 0.45 um filter to reflect the “dissolved” concentrations.

The samples were analyzed using inductively-coupled plasma mass spectrometry.
Chemographs, plots of chemical composition as a function of time, were generated using

»

sample times, precipitation data, hydrographs, and analytical concentrations.

- The chemographs for the digested samples illustrate the signatures of two separate
water sources. As expected, elements resulting from limestone dissolution are elevated
during base flow and are diluted during storms. During storms, iron and aluminum rich
water is discharged from springs. Turbidity also increases during this period suggesting
that Al can be a proxy for colloidal or particulate transport. Manganese, lead, chromium,

nickel, arsenic and cadmium concentrations are elevated coincident with the arrival of
storm water. '

Strohg correlations (R* > 0.94) exist between Al and the trace elements in the
digested samples. Filtered samples contain lower concentrations of these elements with
poor to no correlations between aluminum and the trace element concentrations.

The introduction of storm water strongly alters the chemistry of the karst spring
by two means. Mixing of base flow water with storm water injected through sinkholes
and through the thick regolith dilutes the high-carbonate chemistry present in aquifer
storage. The dominance of Al-rich water, with the accompanying trace elements, is
interpreted as due to the increased velocity and enhanced sediment-carrying capacity of
the conduit system during storm periods. The correlation of trace metals with aluminum
in the digested samples and the near-absence of trace metals in the filtered samples

-supports this conclusion. Complete results are given in Appendix 5.2.

2.3 Transport of Other Contaminants

Detailed analyses of the way in which other contaminants vary across a storm

- hydrograph provide an opportunity to compare the behavior of several categories of

~ dissolved substances. Results outlined above show that the background carbonate
chemistry reflects primarily the dilution of ground water in the aquifer by low carbonate
storm water flushed into the conduit system and rapidly transmitted to the spring. Asa
result the chemograph for Ca®* shows a pronounced dip either coincident with the
hydrograph peak or lagging behind it. Metals, in contrast, are mainly transported as



3.

adsorbed species on particulates so peak coincident with the peak in the hydrograph when
 turbidity is the highest. Two additional contaminant species were investigated.

Nitrate concentrations decreased during storms with a chemo graph similar to that
of calcium. Early spikes in nitrate concentrations suggest that the nitrate is being stored
in the epikarstic zone. The coincidence of early-storm spikes in both nitrate and calcium
suggests that the nitrate-rich epikarstic water is being flushed by the influx of rain water.

‘Samples collected concurrently with this study by the U.S. Army contained
detectable concentrations of chloroform and trichloroethene (TCE) in spring water.
Although only five samples were analyzed for volatile organic compounds (V OC’s) at
~ Beaver Spring in 1999, they were collected during critical times of the storm response.
- The VOC concentrations were constant within 1.6 pg/L and the data suggest that a slight

decrease may have occurred during the main storm. To the extent that these sparse
results can be generalized, it appears that these DNAPL compounds are stored in the

aquifer and are gradually released at fairly constant but low concentrations during low
and moderate flow conditions. ‘ ' ‘

- A more extensive discussion is given in Appendix 5.3.
2.4 Metal Sforage in Spring Sediments

In addition to evaluating water chemistry through time, we have evaluated metal
accumulation and speciation in spring sediments. Sediments can act as a storage
reservoir for metals, hence they may be a long-term source of exposure for receptors at
the spring. Sediment samples were collected from six springs at Fort Campbell. Soil
samples were also collected from Fort Campbell to provide information on the up-
gradient source materials for the spring sediments. ‘

The samples were analyzed using a sequential, selection extraction procedure
modified from the BCR standard method. The procedure separates the metals into 5
operationally-defined fractions: exchangeable, carbonate, oxides, organics, and residual.
To complement the extraction data, the samples were also analyzed for total organic
carbon, particle size, total metals, mineralogy (by X-ray diffraction), and elemental
~ surface chemistry (by energy dispersive x-ray spectroscopy). As expected, the
preliminary data suggests that metal speciation and metal distribution between extracts
varies significantly between metals. The major metals seem to have a reasonably
consistent distribution between fractions regardless of the source while the trace metals
- vary in their distribution between sources. For example, aluminum and iron are primarily
present in the residual fraction, calcium is split between exchangeable, carbonate and
residual fractions, and manganese is present as an oxide. Trace metal speciation appears
to be dependent on the location. For example, in Beaver Spring nickel is distributed
between the exchangeable, carbonate, and organic fractions while in Gordon Spring
nickel is largely residual. Chromium is almost entirely associated with the organic

fraction in Beaver Spring while it is largely residual in Gordon Spring. The differences in
the trace metals is likely to depend on both the source of the metal (particularly the
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differences between background and contaminant sources) and the sediment’s physical
-and chemical characteristics.

Congentrations of all metals in the sediments scaled linearly with the ’
concentrations in water samples that included suspended particulates. Concentrations of
- metals in filtered water samples were usually at or below the limits of detection. There =

was, therefore, little correlation between metals incorporated in the sediments and the
concentration of metals dissolved in the ground water.

o Campiete experiinentai detail and resulting data are given in Appendix 5.4.

3.5 Overall Conclusions

The results summarized above can be reduced to a conceptual model for the

- movement of sediments and sediment-related contaminants through karst aquifers (Fig.
1). The results also lead to a series of conclusions as presented below. These

- conclusions are drawn from a detailed examination of the Fort Campbell karstic
carbonate aquifer and therefore their range of applicability must be further investigated.

In general, these conclusions are in agreement with results found from the examination of
other carbonate aquifers.

i) Dispersed infiltration occurs late in the storm response and can be identified by its
high CO, signature. »

ii) Trace metal transport is enhanced during storms and occurs in association with
suspended sediments.

- - iii) The chemical variabiiiiy of one type of chemical constituent in spring water cannot ;
be used to predict the variability of other types because the controlling processes
are sometimes independent. .

iv) Contaminant concentrations can increase, decrease, or remain constant in spring

water during storm events. The change depends on the specific constituent and
how it is stored and transported through the aquifer. :

, V)‘ The accumulation and speciation of metals in spring bed sediments is primarily

controlled by local conditions, specifically the spring geomorphology and the
-presence of organic matter.

vi) On a basin-wide scale, the transport and storage of metals is controlled by physical

rather than chemical processes. Chemical processes become more important on a
small (e.g. individual spring) scale. ‘

vii) Spfing water is heterogeneous temporally and spring sediments are heterogeneous
' spatially — the two media present different types of environmental impact.
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Vesper, Dorothy J. and William B. White. Transport of trace contaminants to a karst

- spring during storm events. 11" Annual V.M. Goldschmidt Conference, Hot
Springs, VA, May, 2001
Vesper, Dorothy J. and William B. White. Relation of storm chemographs to storm

hydrographs: Interpretations from the karst springs at Fort Campbell,

Kentucky/Tennessee. Geological Society of America, Boston, MA, November,
2001 o

3.3 Other Presentations of Technical Results
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Implications for Shifting Recharge Sources During Storm Events in Karst
Aquifers

Dorothy J. Vesper' and William B. White?

'West Virginia University
Department of Geology and Geography
and the West Virginia Water Research Institute
425 White Building
Morgantown, WV 26506-6300
dvesper@geo.wvu.edu
304-293-5603 x4337
304-293-6522 fax

*Pennsylvania State University
Department of Geosciences and Materials Research Institute
210 Materials Research Laboratory
University Park, PA 16802




Abstract Continuous records of discharge, specific conductance, and temperature were
measured through a series of storm pulses on two limestone springs at Fort Campbell, western
Kentucky/Tennessee, USA. Water samples, collected at short time intervals across the same
storm pulses were analyzed for calcium, magnesium, bicarbonate, total organic carbon and pH.
Chemographs of calcium, calcite saturation index, and carbon dioxide partial pressure were
superimposed on the storm hydrographs. Calcium concentration and specific conductance track
together and dip to a minimum either coincident with the peak of the hydrograph or lag slightly
behind it. The CO, pressure continues to rise on the recession limb of the hydrograph and as a
result the saturation index decreases on the recession limb of the hydrograph. These results are
interpreted as being due to dispersed infiltration through CO,-rich soils lagging the arrival of
quickflow from sinkhole recharge in the transport of storm flow to the springs. Karst spring
hydrographs reflect not only the changing mix of base flow and storm flow but also a shift in
source of recharge water over the course of the storm.

[179 words]

Keywords

Karst, carbonate rocks, recharge/water budget, hydrochemistry




Introduction

The chemistry of ground water in aquifers recharged by dispersed infiltration is generally
determined by water-rock interactions within the aquifer. These interactions operate on long
time scales so that the chemistry at any given location within the aquifer remains constant on the
time scale of the seasons or the spacing between storms. In the special case of karst aquifers, the
high rate of throughput means that different sources of recharge can provide chemical signals
that are transmitted through the aquifer and can sometimes be detected at the springs where the
ground water is discharged. Recharge sources vary on both seasonal and individual storm time
scales and are reflected in spring water chemistry on corresponding time scales.

Recharge to karst aquifers is often separated into allogenic récharge and autogenic
recharge. Allogenic recharge is point source recharge from sinking streams with catchments on
subjacent non-karstic rocks. Autogenic recharge is derived from precipitation that falls directly
on the karst land surface. It is sometime useful to separate autogenic recharge into internal
runoff which is storm flow funneled directly into sinkholes, open fractures, or vertical shafts, and
dispersed infiltration which is the water that percolates through overlying soils, may be
temporarily stored in the epikarst, and which enters the aquifer slowly through pores and
fractures in the bedrock. Allogenic recharge and most internal runoff is injected directly into the
conduit system and reaches the spring rapidly. This component within the aquifer is sometimes
called “quickflow”. Dispersed infiltration has a longer transit time because it moves slowly
through fractures and pores before it reaches the conduit system.

The source of recharge has been cited as one of the key controlling factors in the chemical
variability of spring water (Atkinson 1977; Scanlon and Thrailkill 1987; Worthington et al.

1992). Scanlon and Thrailkill (1987) used source of recharge to classify two types of springs in




the Kentucky Inner Bluegrass Region. Chemically-variable springs had a higher percentage of
recharge from internal runoff as defined by the sinkhole density in their catchments. Quickflow
through conduit permeability and storage capacity within the aquifer are also a factor in spring
chemistry variability (Field 1993; Ray and O’Dell 1993; Shuster and White 1971; Smart and
Hobbs 1986; White 1999). Most conceptual models agree that chemically variable springs can
be characterized by allogenic and/or internal runoff recharge, conduit-dominated transmission,

and low storage capacity.

There is a very large literature on the variability of spring water chemistry as a means of
characterizing karst aquifers, particularly the interpretation of plots of chemical variables as a
function of time (chemographs) either on seasonal time scales or through the hydrographs of
individual storms. The present paper addresses two of the less investigated chemical parameters,
the CO, partial pressure (Pcoz) calculated from pH and alkalinity and the saturation index of
calcite, Sk. Pco, has been used to infer source of recharge (Drake and Harmon 1973).
Quickflow is derived mainly from allogenic and internal runoff water which often has a Pco,
only slightly higher than that of the surface atmosphere. Dispersed recharge reflects the P, of
the soil atmosphere which may be hundreds of times higher than the Pco, of the surface
atmosphere. Seasonal variability of Pco, has been used to display the effect of growing season
on karst water chemistry (e.g. Hess and White 1993; Shuster and White 1972). The present
paper examines the variation in Pco, over single storm events and its implication for sources of

the water arriving at the spring over the course of the storm.




Physical Setting

This study is part of an investigation of springs on and near thé Fort Campbell Army Base.
The base is located along the Kentucky-Tennessee border approximately 65 km northwest of
Nashville, TN (Fig. 1a, b). The area of the base is approximately 430 km®. Of that,
approximately 80 percent is used for ranges and is largely undeveloped. Over 30 perennial
springs have been identified within approximately a 250 km? area around the base.

The area surrounding Fort Campbell is largely agricultural with some commercial and
industrial uses. The region is located on the Western Highland Rim of the Nashville Basin and is
underlain by the limestones of the Mississippian St. Louis and Ste. Genevieve formations. The
Ste. Genevieve crops out in the topographically high areas and largely consists of thick-bedded
limestone with thinner beds of dolomite. Discontinuous layers of chert and fossils are present.
The St. Louis Formation is exposed primarily in the waterways and topographic lows to the
south. It is dolomitic, argillaceous, silty, and fossiliferous. Ball chert and colonial corals are
profuse in layers.

Between 0 and 30 m of unconsolidated materials are present above the limestone. This
regolith consists of an upper layer of reddish brown clays and a lower layer of gravely clay
(Arthur D. Little Inc. 1997). Chert nodules are commonly found at the regolith — bedrock
contact.

Two springs were used for this study: Beaver Spring and Millstone Spring. Beaver Spring
is located approximately 220 meters north of the Little West Fork Creek (Fig. 1¢) and emanates

from a horizontal opening at the base of a stepped limestone outcrop. It has a base flow between

0.5-100 L/s and an estimated ground-water basin size of 2.5 km’. Long-term monitoring of




Beaver Spring shows that it responds to storms with a stage crest approximately 8 hours after the
storm occurs.

Millstone Spring is located on private property on the west side of the West Fork of the
Red River (Fig. Ic). Spring water emanates from the base of a limestone ledge which is located
at the head of a steeply-incised erosional pocket valley. The spring run is approximately 7 m
wide with up to 4 m of relief from the steam bed to the top of the banks. The spring run flows
through the valley approximately 70 m to its confluence with the river. Baseflow discharge at
Millstone Spring has been measured at values from 30 to 600 L/s. The maximum discharge is
unknown. Its ground water basin is estimated to be 65 km?.

The ground water basins for both Beaver and Millstone Springs receive mainly dispersed
recharge. Storm flow is provided mainly by internal runoff into sinkholes. The contribution to

storm flow by sinking streams is relatively small.

Materials and Methods

Continuous data were collected for stage, specific conductance (SC) and temperature by
Ewers Water Consultants, Inc. The parameters were measured at 10-second intervals with 2-
minute averaging and recorded on a digital logger. Stage was measured using a pressure
transducer and temperature was measured using a platinum resistance thermometer. SC was
measured using a probe designed by Ewers Water Consultants (Idstein and Ewers 1991).
Discharge values were calculated using a stage-discharge rating curve.

Water samples were collected using automated sampling devices programmed to collect

samples at time intervals ranging from 0.5 to 8 hours (samples were collected more frequently

during the storm and less frequently afterwards). Intake valves were placed in the main spring




discharge inside the cave opening. Alkalinity and pH were measured for individual samples in
the field. Alkalinity was measured via titration.

Calcium concentrations were measured using a Finnegan high resolution inductively-coupled
plasma mass-spectrometer (ICP-MS). All of the samples were digested with approximately 2
molar nitric acid using a method modified from SW846 Method 3015 — Microwave assisted
digestion of aqueous samples and extracts (USEPA 2000). For comparison with the digested
samples, aliquots of the year 2000 samples were pressure-filtered through dedicated, tortuous
path, 0.45-um PVDF cartridge filters. The filtering was conducted in the field and prior to acid
preservation. As expected for a normally-distributed, dissolved analyte, the concentrations
measured in the digested and filtered samples were statistically equivalent based on a paired
student t-test with an o of 0.05.

Total Organic Carbon (TOC) was measured using a Shimadzu (TOC-5000) carbon analyzer
equipped with an ASI-5000A liquid auto sampler. To remove the inorganic carbon content, each
sample is treated with HCl and air-sparged prior to analysis.

The saturation index with respect to calcite (SI¢) and the Pco, were calculated using Visual

MINTEQ, Version 1.01 (Gustafsson 2000). Enhanced CO, values are expressed as a ratio of the

calculated Pcoy, to the atmospheric Peoy.

Results

Hardness/Conductivity Chemographs
Water chemistry variability was calculated as the coefficient of variation (CV) by dividing

the standard deviation by the mean. The measured parameters varied up to 25 percent over the

studied storms (Table 1). The literature suggests that springs with temperature or calcium




variability greater than 5 percent are flashy and are characterized by rapid recharge and
transmission (Quinlan 1989; Shuster and White 1971). While the original guidelines were based
on bi-weekly samples over an annual period, the high-resolution data for Beaver and Millstone
Springs are reasonably consistent for temperature and specific conductance over both a single
storm and a longer period.

Detailed storm data were collected for the carbonate parameters in June 1999. The rain
event included 5.6 cm over a two-day period. The double peak on the hydrograph is due to the
distribution of the rainfall.

The calcium concentration in spring water decreased significantly in Beaver Spring during
the 1999 storm (Fig. 2). The min;’mum calcium concentration coincides with the maximum
discharge and is interpreted to have decreased due to dilution by the lower-concentration
recharge water. A similar result was obtained at Millstone Spring (Fig. 3). At Millstone Spring
the maximum change in water chemistry lags slightly behind the change in discharge suggesting
that recharge water must first flush the system of antecedent storage water before arriving at the
spring itself. While the flow system and basin size differ for the two springs, the dilution of
background carbonate chemistry is consistent at both. A strong correlation exists between
calcium and SC (R* = 0.93) and thus the continuous data for SC can be used as a proxy for
calcium. This is not unexpected given that calcium is the dominant cation in solution in karst
waters.

Total organic carbon (TOC) increases during storm events at Beaver Spring (Fig. 2). Its
maximum concentration coincides with the maximum discharge and the minimum calcium

concentration. At Millstone Spring (Fig. 3) the TOC concentration is erratic but seems to lag the




hydrograph peak. The most likely TOC sources are surface runoff and shallow soils and

therefore the TOC is an indicator of surface input.

Chemographs for Saturation Index and CO, Partial Pressure

SIc and the Pco; also change over the course of storms (Fig. 4). The enhanced CO, ranged
up to 70 times the atmospheric pressure in the 1999 storm. Both during base flow and
throughout the storm, the water was undersaturated with respect to calcite with a minimum SIc
value of -0.95 during the discharge recession period. The minimum Sl¢ value approximately
corresponds to the maximum Pco, value. These changes lég behind the maximum changes in
discharge, SC and calcium concentration.

Slc and Pco; can be used as plotting variables for displaying spring water chemistry. The
data from Fig. 4 were grouped in different segments of the hydrograph as indicated by the
vertical dashed lines. These appear in the circled clusters in Fig. 5. In addition to the sample
data, Fig. 5 illustrates different regimes and reactions:
® The horizontal lines indicate the calcite dissolution regimes. Calcite is at saturation

(equilibrium) at Slc equal to 0. The horizontal line below equilibrium separates the
dissolution regimes into rapid and slow kinetics.
¢ The gray lines illustrate the reaction pathways for the degassing of CO, at a constant

concentration of dissolved Ca®*. They are calculated from the relationship (White 1997):
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Where K, K3, K¢, and Ko, are the respective equilibrium constants for the first and second
ionization of H,CO; (K; and K), the solubility product constant for calcite (K¢), and the
dissolution constant for CO, in water (Kcoy). aca+ is the activity of calcium and the y’s are
the activity coefficients for the specified variables. The calculations were completed using a
temperature of 15°C. The y values were calculated initially assuming a value of one and then
recalculating iteratively until a convergence of 0.001 was obtained.

Similar plots have been used to classify types of springs (White 1997) but the data
presented herein suggest that temporal variation within a single spring can be greater than the
variation between springs. In general, the dominant change between storm initiation and crest
(groups 1 and 2) is for the Sl to decrease while the Pcoy is relatively constant. The later stages
of the storm (groups 3 and 4) are characterized by a concurrent decrease in Sl and an increase in
Pcoa.

As can be seen from the equation above, the relationship between SI; and log [Ca] is linear
for a given Peoy; if it is assumed that the ratio of Yucos. t0 Ycat2 iS relatively constant. However,
the Sl and calcium concentrations from Beaver Spring fall onto two separate lines not a single
linear relationship (Fig. 6). This implies significant changes in Pco, during the storm
significantly alter the relationship between the other parameters. Groups 1 and 2 fall onto one

line while groups 3 and 4 fall on a second line.

Discussion

A lag between the minimum conductivity and Si¢ value was also reported by Desmarais

and Rojstaczer (2002) for a spring on the Oak Ridge Reservation, Tennessee. Unfortunately the




corresponding Pco, data were not included with this dataset and therefore the role of dispersed
infiltration at this spring cannot be determined.

One implication of the present results is that the most aggressive water at the spring,
signified by the lowest Slc value, does not occur during the main storm pulse but rather during
the discharge recession. While the time lag may be short at Beaver Spring due to its small ground
water basin, it could be considerably more in a larger basin. This suggests that the maximum rate
of dissolution may also lag behind the main storm pulse rather than occurring concurrently.
Recent rate equations (Dreybrodt, 1990; Palmer, 1991) show that the rate of dissolution scales
with the undersaturation of dissolved Ca®* with respect to calcite.

Data from Beaver Spring suggests that the timing of the SIc minimum is controlled by
the Pcop values. Elevated pressures of CO, lag after the main recharge pulse because the
dispersed infiltration is transported more slowly than is the sinkhole-controlled quickflow. In the
aquifer studied, dispersed infiltration reaches the spring within a day of the storm input. While
the soil/residuum is the most likely source for the elevated CO,, another possible source is the
epikarstic zone at the residuum soil interface. However, flushing of the epikarst during the
storms recession would be driven by the slow infiltration of the water through the residuum. It is
likely that the identification of the two recharge sources at Beaver Spring are aided by (1) the
small basin size allowing for the quick-flow recharge to be rapidly discharged, and (2) the
presence of a thick residuum.

The complexity of the recharge argues that spring flow cannot be defined into storm and
baseflow by a two-component separation as has been done in numerous studies (Desmarais and

Rojstaczer 2002; Dreiss 1989; Lakey and Krothe 1996; Talarovich and Krothe 1998). Lakey and

Krothe (1996) used hydrogen and oxygen isotopes to separate baseflow and storm flow in the




Orangeville Rise spring, Indiana. However, their isotopic compositions did not fall onto a tie-
line between the mixing components and therefore they concluded that a two-component mixing
model does not account for the complexity of the recharge and mixing processes. Lee and
Krothe (2001) used isotopic data to conduct a four-component separation of storm water, also at
Orangeville Rise spring. They concluded that the epikarst contributed a significant amount of
storm water (~ 50%) but that there was little contribution from soil water (~ 3%). The ground
water basin for the Orangeville rise has a thick soil zone (~ 10 m) it is still considerably less than
the residuum at Fort Campbell (~ 30 m) and thus may have less of a contribution.

The relationships between Sl with calcium and CO, supports the conclusion that
different processes control the water chemistry over the course of the storm. Slc and Pco, have
been used to distinguish between types of springs (Drake and Harmon 1973; White 1997) but
temporal variability can be greater than the variability between springs. Therefore classifications
of this type must consider the nature of each spring as well as the hydraulic conditions at the time
of chemical sampling.

While both quickflow and dispersed infiltration occur in many aquifers, karst studies
frequently assume that one type of recharge dominates for a single spring. However, the low CO,
values can only be attributed rapid recharge and the elevated CO, values must result from some
interaction with the soil/residuum zone. Therefore the data suggest that a single recharge style
does not dominate throughout all conditions in a given spring. Although the flashiness and rapid
response at Beaver Spring would have suggested that it is dominated by quickflow recharge, the

data indicate that recharge even in a flashy spring with a small basin is more complex than

anticipated.




While most conceptual models include both recharge styles, it is also essential that they
account for the temporal variability in styles. Desmarais and Rojstaczer (2002) included
temporal changes in their three stage model but did not include dispersed infiltration. The
conceptual model presented in Fig. 7 is drawn from numerous sources (Field 1993; Ray and
ODell 1993; Smart and Hobbs 1986; White 1999) but modified to explicitly include dispersed
infiltration and reflect changes in the water’s CO, composition.

During periods of baseflow, the conduit system may or may not be submerged (phreatic)
and obtains its water from storage (Fig. 7a). During precipitation, water is rapidly input into the
system via sinkholes and vertical drains (Fig. 7b). The rapidly injected rainwater is low in CO,
and arrives in sufficient quantity to dilute the background carbonate chemistry. The
potentiometric surface may be reversed during this time causing water to be forced into storage
in fractures, bedding planes and the aquifer matrix, in a manner analogous to bank storage in a
river. After the storm, (Fig. 7c), the potentiometric surface reverts to its initial configuration and
the bank-stored water, still low in CO,, is released back into the conduit system. The presence of
anastomoses along bedding planes in caves has been attributed to this storage-release process
(White 1988). While these stages of a rainstorm have been proposed before, our data suggest that
a considerable volume of high-CO; dispersed infiltration can occur during this third stage (C).
While the exact flux is unknown, it is sufficient to alter the integrated chemistry at the
discharging spring. At Beaver Spring, this implies that the chemistry of the samples in groups 1
and 2 is controlled by stage B dilution while the chemistry of samples in groups 3 and 4 is
controlled by the stage C infiltration.

“Understanding the different stages of recharge in karst aquifers is essential for both water

quality and water quantity estimations. If the recharge from sinkholes and through a thick soil




zone are temporally separated, then contaminants from surface and deep subsurface soil sources
could also be expected to arrive in an aquifer at different time after a storm event. While the
example spring given in this study has a basin with considerable residuum, it also responds
quickly and thus would generally have been identified as a spring associated with rapid recharge.

Determining recharge type is also critical for calculating water balances and modeling watershed

Pprocessces.
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Figure Captions

Figure 1. Regional location of study area and outline of estimated ground water basin for Beaver
Spring.

Figure 2. Hydrograph and chemographs for Beaver Spring, June 1999 storm.

Figure 3. Hydrograph and chemographs for Millstone Spring, June 1999 storm.

Figure 4. Variation in Slc and Pco, over a storm event, Beaver Spring, June 1999.

Figure 5. Relationship between SIc and Pco, over storm event, Beaver Spring June 1999.

Figure 6. Relationship between SIc and Ca concentrations over storm event, Beaver Spring June

1999.

Figure 7. Conceptual model for recharge in a karst aquifer
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FIGURE 5.
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Abstract

Low levels of hea?y metals were investigated in a series of springs discharging from the

- Mississippian limestone aquifer underlying the Fort Campbell Army Base in western

Kentucky/Tennessee. Spnngs were sampled at short time intervals through periods of storm

dlscharge Unﬁltered samples were digested and analyzed by mductwely—caupled plasma mass

| spectrometry ‘Metals detected at the ug/L level included As, Cd, Cr, Ni and Pb. Metal
concentratmns exhibited a pmnounced maximum coincident with the peakof the storm

“hydrograph in contrast to carbonate species (Ca, Mg) which dipped to a minimum at the peak of
the storm hydrograph. Meiai concentrations track with aluminum and iron suggested' that the

metal transport is mainly by adsorption onto suspended particulates which are mobilized during
storm flow. o

" Keywords: karst hydrology, géOchemistry, grdund water, metals, springs, sediment transport




1.0 Introduction

The water chemistry in some karst springs, like that in surface water, is known to vaxy
considerably over storm events. The change may be short-lived, but high-flow conditions have
the ability to transport increased amounts of sediments and higher cencentratioﬁs of
contaminants and/or nutrients in both surface water (Hjulstrom, 1939; Leopold and Maddock,
1953, Gibbs, 1973; Sandén et al., 1997) and in karst settings (Ryan and Meiman, 1996; Atteia

\and Kozel, 1997; McCarthy and Shevenéll, 1998; Mahler é,nd Lyn(:h, 1999; Mahler et al., »2000;’
Sheveneii and McCarthy, 2002). Sorptién of con’;aminants and metals onto solids is écemmon
?henomena in natural systems and coupled sediment transi:ort may account for acute increases

- intrace metals and ‘organic contaminants with high sorption affinities (Allan, 1979, Hart, 1982;
Jenne ané Zachara, 1987, Horo\mtz 1991; Warren and Zimmerman, 1993).

The water chemistry variabiﬁty in karst springs differs from the variability seen in most
surface water, because karst ground water also reﬂects the chemistry of the carbanate’équifer.
Changes in the backgrcund carbonate-derived parameters (calcium, magnesium and aikakmty)
have been used for many years to ;}f@be the physical hydregeciegy of karst aquxfers (Pitty, 1968,
Shuster and White, 1971; Ternan, 1972; Jacobson and Langmuir, 19?4). The extent to which
water quality is affected by réin storms is a function of numerous aquifer properties including

recharge type; permeabxhtles of, and mterconnectmn between, the matrix, fractures and conduits;

o basm rehef and Ixthoiegxc stratigraphic and structural controls (White, 1999). These properties

provide a conceptual framework for karst basins and springs. How close any given spring may be

to the end-members on the chemical continuum (highly consistent vs. highly variable) depends

on the combination of those properties.




The containinant and sedirhent chemistry of karst springs is less well understood than the
hackgfoun& carbonate chemistry. Studies have shown that the timing and form of contaminant
trénsport depénés on the species chemical form, source type, and the aquifer geometry (Ewers et
ai., 1992; Crawford and Ulmer, 1994; Ryan and Meiman, 1996; Currens, i 997; McCarthy and

Shevenell, 1998; Talarovich and Krothe, 1998; Loop and White, 2001). The tfansport of |
- chemical spédies sorbed to solids is further complicated by t‘he- increase in suspended sediment
: traﬁs?ort, and ckhanges’ in sedizﬁent composition, during storms (Atteia and Koéel, 1997, Mahler
and Lynch, 1999: Mahzeg etal,1999).

Spﬁﬁgs are of pa.rtiéular intereSt to the karst hydréiogist because they provide the only
practical means.cf kmolnit{}ring water chemistry throughout a ground wéter basin (Quinlan, 1989).
Conventional monitoring teéhniques used in granular aquifers, such kas wélis, are rarely fully
representative of water chemisfry or hydraulics in karst aquifers due to the‘physick:e\ﬂ
heterog’ene’ity and localization of flow caused by carbonate dissoluticﬁ. Furthermdre, beb.ause
springs are the transition zone between ground water and surface water, they are a common
lécéticn at which humans and ecosystems may contact céntéminated ground water, Tﬁerefere
monitoring spring ciuaiitjf is essential to evaluate the impact éf ground water contamination and
the interaction between ground aﬁd surface watérs. Given the chemical variability Bf many

springs, it is essential that time-based monitoring be conducted over storm events.

2.0 Study Area Description
This study is an investigation of springs on and near the Fort Campbell Army Base. The
base is located along the Kentucky-Tennessee border approximately 65 km northwest of

* Nashville, Tennessee (Figure 1a). Fort Campbell éncompa.‘sses approximately 430 km” (Figure




1b), of which nearly 80 percent is used for military ranges and is largely undeveloped. Over 30
perennial springs have been identified within an area of appraximatéiy 250 km? around the base.
The area surrounding Fort Campbell is largely agricﬁlturai with some commercial ’and
industriaikuses. The metals detected during this study are naturally present in the background and
thus may originate from either natural and anthropogenic sources; the distinction cannot be made
based on the data ceilected. The region is 1ocated on the Western Highland Rim of the Nashville
| Basin and is underlain by the limestones of the Mississippian St. Louis and Ste Genevieve
formations (Klexmc 1966a, b). The Ste. Genevxeve is found i in the topographically high areas
and largely consists of thick-bedded limestone with thinner beds of dolomite. Discontinuous
iayers of chert and fossils are present The St. Louis Formation outcrops primarily in the
| waterways and tepographm iows to the south. It is thm to tinck bedded, dolomitic, argillaceous,
silty, and fossﬁlfemus. Bali chert and colonial carals are profuse in some layers.
Between 0 and 30 m of unconsolidated materials are present above the limestone. This
- regolith consists of an upper Iayei' of reddish brown clays and a lower layer of gravely clay
| (Arthur D. Little Inc., 1997). Chert nodules are commonly found at the regolith — rock contact.
Beaver and Millstone Springs (Table 1, Figure 1¢) are falling (gravity) springé with
variable water chemiétry. Hydfegraphs from Beaver and Millstone Springs crest secﬁ aftera
rainstorm (12 to 24 hrs, respectively). The spring basins have similar geology, recharge types
b‘(both smkhoie mput and soil infiltration), topography, and potenﬁai contaminant sources. Single- |

point sinking streams (ailogemc recharge) are not common in this area, although the Little West

Fork Creek and its tributaries are dry in some reaches during late summér and fall (Figure 1c).




3.0 Methods

- 3.1 Water Samples

- Water Sampies were collected from the springs during short time intervals over storm
‘ events in June 1999 and June 2000. The samples were collected in pre—cieaned HDPE bottles at
mtervals rangmg from 0.5 hour to 12 hours; closely-spaced intervals were used initially and
when the sprmgs were undergomg rapid changes and wzdely—spaced intervals were used as the
sprmgs neared baseﬂow conditions. The samples were collected using automated samplers
pregrammed to begin sample callection with stage increase.
Daté collected concurrently wiih the water samples include precipitation, stage, specific
‘ ‘ccnductance (SC), temperatufe; mrbidity, pH and alkalinity. The precipitation data for 6-hour
intervals were ebtaiﬁed from the Fort Campbell Afmy Airfield. Stage, SC and temperature data
were collected by Ewers Water Consultants, Inc. The parameters were measured at 10-second
intervals with 2-minute averaging and recorded on a Campbeﬂ Scientific, Inc. digital
‘micreio‘g‘ger. Stage was measured using a Druck pressure transducer with a 0.03 cm resolution.
The pressure values were convei;ted into absolute stage readings izsing the surveyed elevations of
staff gages at the springs. Temperaturé was measured using an Omega Engineering, Inc.
plaﬁnum ;esistance thermometer with a 0.01 degree C resolution. SC was measured using a
probe designed by Ewers Water Consultants (Idstein and Ewers, 1991). Turbidity was measured
using either a LaMotte 2020 Turbidimeter ora HF Scientific, Inc. DRff—l 5 turbidimeter; and pH
was measured using a Horiba Water Quality Checker U-‘lO. Alkalinity was measured using a
digital titrator in accordance with standard methods (Thomas and Lynch, 1960; American Public

Health Association, 2000). The samples were kept cold until laboratory analysis. Samples for

metal analyses were preserved with ultratrace nitric acid.




The samples were nﬁcrowa\fe digested in Teflon-lined vessels with 2 molar nitric acid
(USEPA, 2000). For comparison with the digested samples, aliquots of the year 2000 samples
were pressure—ﬁiteréd through dedicated, tortuous path, 0.45-um PVDF cartridge filters. The
filtering was cend;zcted in the field and prior to acid preservation. All samples were analyzed
‘usikng a Finnegan high resolution inductively-coupled plasmé mass-spectrometer (ICP-MS).

' ’Detecﬁon limits varied by metal and sample. Data quality was assessed via digestion-process
blanks, filter blanks, and replicate analyses (Vesper, 2002). The combined error was greatest for
the ;ne’#als with the iawést concentrations but still smaller than the variability over the storm
event.

Filtering presents several problems including cress—contammatm poor separatzcn of size

fractiens due to exciusmn and bleckmg, and an arbztrary distinction between “solid” and
| “‘dissolved” (Horowitz etal, 1992, 1996). We acknowledge the probiems and have attempted to
maintain consistency by using tortuous-path filters for the water samples and by collecting filter
blanks for qualify control. Because ceiioids’ range in size across the 0.45-um pore size, they are
- not clearly separatéd using this approach. Therefore we .wiii refer to the samplé aliquots as
diggésted and ﬁiteréd; and the material removed as “Sediment.” Aithaugh colloid transport is
imﬁortant in granular aquifers (McCarthy and Zachara, 1989), karst aquifers are able to transport
Iargér particles and so all sizes of sediments are reieyant and of interest. The sediment considered .
in this study is solely suspended sediment. This study does not account for any bed yload
sediment movement.

Each sample has been identified as beicﬁging to either baseflow or storm conditions.

Baseflow samples are identified és those samples collected when no rain had occurred and the

- continuously monitored parameters (stage, temperature, SC) were relatively constant. Storm




samples include those samples collected any time from the initial stage change until the SC
reached a minimum. Samples that did not clearly fall into either regime (including those from the
minimum SC back t{i‘ baseflow) were not included in the baseflow-storm analysis. Although the

criteria and identification was somewhat arbitrary, it provided a means of differentiating between

the two periods.

3.2 Filter Residues

Aliquots of the water samples were also filtered through flat membrane filters so that the
suspended sediment could be examined. During 1999, the water samples were cascade filtered
through 5-pum and 0.45-um filters to limit clogging. During 2000 the water samples were less

turbid and only the 0.45-pum filters were used.

The residues on the filters were analyzed using x-ray diffraction (XRD), scanning electron
microscopy (SEM) and ene;gy dispersive x-ray spectroscopy (EDS). The XRD data were
collected using a Sintag PAD X with Cu K, radiation, over a 20 from 5 to 85 degrees, at 4
degrees/minute. The SEMIEDX analyses were gonducteé using a Hifachi S-3500N variable
pressure SEM equipped ﬁith a tungsten filament for generating’the eieétrcn beam. Images were
; collécted under low-vacuum (40 Pascal) with 2 20 kV beam, a 15 mm working distance, and a
Rebinson detectbr for backscatter electrons. Spectral analysis was conducted using a PGT
Energy Dispersive X-ray Analysis System. The spectra were quaﬁtiﬁcd using a calibration file
set to the 20 kV beam.

SEM/EDX data were collected on the ﬁ%te; residues by comparing numerous (3-5) frames
ata coriéistent magnification (600);) and conducting a “quantification” of the resulting atomic

spectrum. The proportion of silicate and carbonate materials on the filter was addressed by




calculating the Si:Ca ratio for each frame, based on atomic percentages of those elements, and

averaging between the frames.

4.0 Results and Ijiscnssien
4.1 Preczlm'faﬁén and Overall Spring Response

The precipitation events and the antecedent moisture cbnditidns were consideraﬁly
) dlfferent for the two storms sarnpled In 1999, the sampled storm produced 5.6 cm of rain
‘between June 24" and 25th (Julian Date JD 174-175). Prior to this storm, there had been no rain
for 8 days and only 3.8 cm of rain in the past 30 days. The 2000 storm was preceded by a much
larger rain event. The sampled storm was 2 cm on June 171 and 18th (ID 169-170).

: Appmxiniately 20 days before the sampled storm there was a large (14 cm), multiday storm
period. The recession from the large earlier storm was still evident on the hydmgraphs of
Millstone Spring at the time of the sampled storm. In the 30 days prior to the sampled storm,
: there was approximately 18 cm of pfecipitation.

Given the pre-sampling water conditions in 1999 and 2000, it can be expected that the
springs will respond differently. VanSickle and Beschta (1983) suggest that sediments are
generated during dry conditions and then are gréduaﬂy removed during wet periods until the
initial supply of sediments is depleted. Bart{}n Spring, in Austin 'i‘exés appears to have cycles
similar to that predxcted for streams (Mahler and Lynch 1999). In our study, the amount of rain
in 1999 and 2000 was sufﬁmentiy dxfferent so that the precipitation volume alone may suffice to
cause the different spring responses dﬁring the two time periods. However, it does not discount

the possibility that the dry-wet sediment supply cycle has considerable impact on the sediment

transport.




The spring water, dﬁring all conditions, can be classified as calcium-bicarbonate water
(Vesper, 2002), althéugh both major and trace metals were consistently detected (Table 2). The
concentratibns were measﬁrgd in triplicate. Elements present at high concentrations typically had
2 to 3 percent error; elements present near the limit of detection had up to 20 to 30 percent error.
Although the trace elements had high analytical error, the exact concentration values are less

 important than the trends through time and relationships between elements.

4.2 Digested Water Samples

Al, Fe, Mn and the trace element concentrations generally approﬁimate a lognormal
distribution. This distribution is also consistent for the full data set, the baseflow data, aad the
storm event data. The one exception is Si, which does not fit well into either a normal or
lognormal distribution. This agrees with data from Currens (1997), who conducted a statistical

, Study of over 500 samples from Pieasani Grove Spring in Kentucky and found that dissolved
constituent concentrations were typically normally distributed (i.e., nitra;e) while sediment-
“bound constituent conceﬁtrations were typically lognormally distributed (i.e., Triazine).

The éhanges in chemical concentrations through time, or chemographs, are best iﬂustrated
by the 1999 data (Figure 2). As expected, SC is dominated by the Ca concentrations and thus the
Ca chemcgréph ﬁlimics the SC data. Similar chemograph patterns, with high background
cencentratmns éxiuted by event water, are aiso exhibited by Mg and a}kahmty although they are
not shown This agrees with earlier studies showmg that in vanabie—chemxstry springs the
elgments associated with carbonate dissqutian are high during baseflow conditions (when the

aqu:fer discharges storage water) and are diluted dunng storm events (Ashton, 1966 Hess and

thte 1988; thte 1988).

! Julian Dates begin at | for January 1 and continue consecutively through a single year.
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The other cations measured in this study generally increase in concentration during storm
events coincident with the SC minimum (Figure 2a). The Al concentration is interpreted as a
proxy for soil minerals and its increase signifies the transport of sediment and particulate
maﬁeriai. Al was chosen in preference to turbidity because it can be more act:mately measured.
An increase in sediment tfanspart, coincident with the rise in stage, has been observed for other
karét springs (Ryan and Meiman, 1996; Atteia and Kozel, 1997; Mahler and Lynch, 1999). ,
Atteia and Kozel (1997) suggested that increased turbidity in their spring was dué: to entrainment
of sediméﬁts within the conduit system during periods of high-velocity. A more likely
éxplanatien for Fort Campbeﬂ is’ that the sediments are from overland flow, intrcduced by
'sinkheles, or flushed from surface soils. This distinction can be made at Miiistone Spring
because the Ca and Al changes are coincident with each other but lag behind the stage change. If
mobilization of internal sediments controls tfemsport, then the Al concentration peak could Be

| expectéd to coincide with an increase in stage while the Ca decrease lags. However, the Al peak
lags stage and is coincident with the Ca dip, signifying that the surface recharge controls the
sediment transport.

Input of surface soils has been identified as an important factor in sediment transport in
other karst systems. Mahler and Lynch (1999) identified the sediments discharged at Barton
Spring, Texas, as either allochthonous sédiments that originate at the surface and or as .
autochthendus sediments that originate within thé aquifer itself. They concluded that the
sediments transported to Bartén Spring are primarily allachtho‘nous in origin baSed on the
fjresence of organic matter. Ryan and Meiman (1996) also concluded that the turbidity in Big

- Spring, near Mammoth Cave National Park, Kentucky, was from a (allochthonous) surface

source. Their conclusion was based on the coincident a:rivai’sf turbidity along with dyes injected




ina distal sinking stream, and that the turbidity pulse was shorter than the hydfalogic pulse. If

- the turbidity source was iﬁ-aquifer sediments, then the mrbidity‘ and hydrologic pulses should
have been comparable in duration. The dye and turbidity pulses lagged the hydrologic pulse
which was attributed to the distance frém the source area to the spring combined with a phreatic
flow regime. Although the time frame is shorter, a similar réiationship was observed between
sefiiment transport and ﬁydroiogic response at Millstone Spring.

The trace elemeht chemographs generally mimic the Al and Fe chemographs, suggesting
that their transport is coupled. The strength of the relatienship is further supported by Iinear
regression analyses between Al and the trace elements in the digested samples (Table 3). Both
the chemographs and the correlations suggest the presence of two different water papu}atzons
storage water charactenzed by high Ca cencentrations (poarly or negatively correlated with Al)
and eveﬁt water characterized by elevated Al, Fé, Mn and trace element cencentratioﬁs. The
proportiori of each water population in the mixture varies temporally. To better determine if the
storm style impacted the Al-trace element feIationship, we conducted multiple regression
analyses using a general linear model to test if the slopes of the regressions for 1999 and 2000
data were statistically different. The analysis indicated that the slope of the linear relationship
between Al with As, Cd, Cr, kFe, Mn, Ni, Pb and Si is consistent for both years at Beaver Spring.
The same elements, with ’the exception of Si, also had a consistent relationship in 1999 and 2000
ét Miiistgné Sprir’}g,k The m_uitipie regression analysis is further supported by the high R? Values
obtained from the combined 1999 and 2000 datasets (Table 3). The consistency of the
reiétionship over bath years and between springs is particulérly interesting given the large
dlfferences in the range of concentratmns between the two years. This suggests that even if the

magmtude of sedunent transport is a function of supply and depietmn the chemical relationship




between the sediment—assoqiated elements is consistent. Hence the major metal concentrations
can be used to predict the trace metal concentrations in future storms regardless of the storm size. |
The amount of variability through time was {;uantiﬁed using the coefficients of variation

‘ :(COV) for each storm event. Values for digested-sample COVs for a single event range from less
than 5% to greater than 170% dependiﬁg upon the element, the spring, and the year (Table 2). Ca |
has the lowest COV for each time-series; Al and Fe typically have the highest COVs. The 1999
evént generally produced higher COVs than did the 2000 event presumably due to the differenﬁ
in stqrm size and antecedent moisture conditions. In past studies, the COV of carbonate
’parameters has been used to defn;e the’spring type (Shuster and White, 1971) or the ground
water travel timé (Ternan, 1972). However, the data reported in this study indicate that the Ca
COV is not a good iﬁdicator for the variability of sediment transport. This can be attributed to the
different cantroiling factors. The Ca concentration is largely controlled by carbonate dissolution
and dilution whiié the Al concentration depends on source materials and ground water discharge.
Thereforé, using the variability of carbonate parameters at a spring over time is a poor choice for
predicting the rhagnitude of sédiment, and potqntially contaminant, transport.

| The time variation was also addressed via a statistical compar.isen of thg mean baseflow
and mean storm concentrations, for each element and each storm. Although the concentration
increase during storms may seem obvious for some elements such as Al and Mn, it is less clear
for carbonate-derived parameters, and for the trace elements having low concentrations in both
baseflow and étorm conditions, such as Pb and Cd (Table 4). For the later elements, the baseﬂaw‘
and Storm méan vaiues were cbmpared via a 2-sample t-test with a 0.05 level of signiﬁcancé

(data log transformed as necessary). The statistical comparison confirmed the initial conclusion

that the carbonate-derived parameters decreased during storm conditions, while the other




parameters increased during storm conditions. The one exception was that the baseflow and
storm Cd concentrations in Beaver Spring were not statistically different. It should be noted, that
although this analysis is useful for comparing mean concentrations, the definition of storm and

baseflow samples is not exact and that the calculation does account for clear data trends

observable on the chemographs.

43 Comparison of digested and filtered water samples

The year 2000 filtered samples were analyzed for comparison with the digested sampkies
(Téble 2). The purpose of ﬁltering aliquots of the 2000 samples was for comparison with the
‘ éigestéd sample concentration.

The filtered sémpic cencentrationskare nearly always less than the digested sample
concentrations for Al, As, Cd, Cr, Fe, Mn, Ni, Pb and Si. The oniy exceptions to this are the trace
met&ils present ‘near the level of detection. For most of the elements the difference was at least
one order-of-magnitude. kF or féur elements, the concentrations were cioser (As, Cd, Cr, and Ni)
and so the concentrations were compared via paired t-tests to determine significance. Based on a
0.05 level of signiﬁcance, the mean digested and filtered sample concentrations afe equivalent at
both springs f{)r As and at Beaver Spring for Cd and Si. The As aﬁd Cd comparisons are based‘
on a limited number of sample pairs (at most 3). The digested and filtered sample Si

concentrations are closer than for most metals preéumabiy because of the high solubility of Si.
| In génerai, the strong linear correlations Betwecn Al and the trace elementﬁ, observed for the
digested samples, are not present in the ﬁltered samples. The only statistically signiﬁéant

correlations for the filtered samples (at o = 0.05) were between Al with Cd (R? = 0.77) and Mn




(R?=O.78) at Millstone Spring, 2000. No significant correlations were found in the Beaver Spring
data but it should be noted that this is a much smaller data set (4 t§ 6 samples).
| The chemegraphs of the filtered samples generally lack the trénds visible in the
chemographs of their assaciateé &igested samples (Figure 3). This is clearly true for the major
metals. Séme trace metals may appear to have siight trends howevér the changes are within the
background noise of the post-storm baseﬂow samples. The lack of trends is 1ikely because the
trace elements are removed with the sediments in the filtering prﬁcess;

| The focus of this study is primarily seéiinent and total metal transport therefore no attempt
was made to clearly distinguish between the particulate and colloidal contributions to the total
metal concentratiéns. The leteréd samples contain some colloids while the digested samples ‘
contain Bath larger particulate matter as well as colloids larger than the 0.45 g.zni filter.

Based on data from Atteia and Kozel (1997), the number of large particles diséharged ata

karst spring is related to flow velocity while the number of small particles is related to water k'
chemistry (pH and temperature). They concluded that a 5 um breakpoint distinguished between
particulates which are controlled by physical processes and colloids which are coﬁtrélied by
coagulation processes. Using total Al concentrations in digested samples as a proxy for large
particulates, we also found a strong relationship between particulate transport and flow velocity
(stage) (Figure 4a). However, we found that the large particulates are not entirely independent of
pH, as was found by Atteia and Kozel (1997). When digested sample Al concentrations from
Beaver Spring 1999 are plottéd against pH, the data fall largely within three main groups
(Figure 4b). The first two groups aré associated with specific times 1n the storm while the third
‘group includes samples from near-baseflow conditions (Figurés 4b and 4c). The relationship

between Al concentrations and pH cannot be considered independent of discharge because the




spring water cheﬁﬁstry is itself a function of discharge. These data suggest that the identification

of particulates and colloids by their dependence on discharge and pH is not exact because it does
not account for the relationship between water chemistry and discharge.

Similar analyses were conducted for the Millstone Spring 2000 data. The total digested Al
concentrations were exponentiaiiy related to discharge (stage). However, no clear relationships
could be identified between (1) digested sample Al concentrations and pH, (2) filtered sample Al

concentrations and stage, or (3) filtered sample Al concentrations and pH. If colloids account for

- the metal concentrations in the filtered samples, their transport should be associated with changes

in chemistry. However, no clear relationship was observed.

| 4.4 Filter residue analysis

The filter residues were examined to see if they confirm the conclusions made based on the
water data. The XRD analysis éf filter residues suggested that the Beaver and Millstone Spring
sﬁspended sediments are a combination of goethite, opal and quartz. However, many of the
filters had inéufﬁcicnt solids to produce a strong pattern, and therefofe mineral identification was
not exact. The SEM/EDX analysis showed that the sediments are hcteregeﬂeaés both through
time and on individual filters. During baseflow conditions individuai. grains of calcite, quartz

and aluminosilicates can be seen on a fibrous filter (Figure 5a). During the main storm response

- the filter is coated with aluminosilicate materials while individual grains of quartz and

aluminosilicates are visible (Figure 5b). Although nearly all of the filters contained silicate and
aluminum silicate minerals, calcite rhombs can be observed in the baseflow samples. Changes in
the type of suspended sediments can be seen on the filters collected over the storm event. The

Si:Al atomic ratio was generally lower during baseflow conditions and higher during the storm
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itseif.{Bekave'r Spring can be used to illustrate the integration of the water chenﬁétry and filter
residue Si:Ca ratios (Figure 6). The filter residue observations are in agreement with earlier
work; (Atteia and Kozel, 1997; Mahler and Lyncig 1999), indicating that the sediment
;:ompesitién transpoi‘ted toa kars‘t‘ spring varies over the course of a storm. In some studies the

sediment composition change has been attributed to sources from different geologic formations

- (McCarthy and Shevenell, 1998) or regions within the same fcrmation (Mahler and Lynch,

1999). A similar division‘ can be made at Fért Campbell; periads of internal aquifer erosion occur

between storms when autochthonous sediments are discharged at springs. The calcite thombs

- and grains visible in the baseflow filter samples signify these periods. Periods of surface erosion

“occur during storms when allochthonous sediments, namely clays and silts, are flushed from the

surface, trarisported through the aquifer, and discharged at springs. The aqueous data further

support this division. Chemical compositions consistent with surface infiltration and soil flushing

(low Ca, high Al) coincide with the increased discharge of sediments, namely the clays and

silicates. Chemical compositions consistent with aquifer storage discharge (high Ca, low Al)

coincide with the presence of calcite rhombs in spring sediments.
Fe was detected in the spectra for many of the filters and Mn was detected occasionally.
Neither metal was detected at a constant spectral ratio with Al or Si suggesting that they may be

present only as éoatings on the aluminosilicate and quartz grains. Both Fe and Mn are 'commoniy

found as coatings in natural systems and are able to scavenge trace metals (Jenne, 1968; Singh

and Subramanian, 1984; Kay et al., 2001). Hence the presence of the metal oxides provide one

 possible mechanism by which the trace metals can be associated with the transported sediment.

While other mechanisms, such as incorporation into the mineral matrices must also occur, the
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association of trace metals with Mn-oxides has been well demonstrated in other karst séttings

(White et al., 1985).

5.0 Conclusions

The results of this study demonstrate that trace contaminant metals are transported in karst
aqﬁifers durmg stofm events in association with sediments. A closer look at the data indicates the
| following conclusions can be made:

1. The chemistry of trace metals is highly variable temparé.lly in some karst springs. The trace

metal transport can be linked to sediment transport and is enhanced during storm periods.

2. Although different storms may prodﬁce different magnitudes of flow and chemical
responses iﬁ a giiren spring, the relationship between the sediment proxy (Al) and the trace
»metais (As, Cd, Cr, Pb, Ni) remains consistent. This relationship allows researchers to
anticipate periods §f elevated trace element concentration based on the proxy
cor;centration.

3. The lag between the maximum Al and Ca changes in concentration with respect to the
hydrograph suggests that the discharge of suspended sediments appears to be controlled by
aﬂechthen_eus surfacé erosion rather than mobilization of sediments already within the
aquifer.

4.  Variation in carbonate parameters through storms, often used to assess the physical

| hydrogeology of karst aéuifers, rhay be useful for indicating the timing of sediment -

transport, but is a poor indicator of the magnitude of variability in sediments and

contaminants,




The signiﬁcance of this study is to confirm that trace metals are transported to karst springs

over short time intervals during storms and may contribute to acute water quality problems.

Given the rapid changes in water quality, monitoring must be conducted on closely-spaced time

scales and interpreted within a hydrologic cgiﬂtext. If spring water metal concentrations are
necessary for regulatory or risk assessment purposes, then the concentrations should be time-
weighted or separated into mean concentrations by baseflow and storm populations. Grab sample

concentrations, or samples collected without associated hydrologic data, cannot be assumed to ;

represent environmental conditions at all karst springs.
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Table 1. Springs Included in Study

Spring Name, Approx.  Approx. Time-Series Physical Description

Longitude, Mean Basin  Samples
Latitude - Baseflow® Are%b Collected®
_@s)  (km) , ,

Beaver Spring 23 1 1999 (D) Flows from base of stepped-limestone

872715.39 W - 2000 (D,F) outcrop; Flows 120 m into Little West Fork

36363773 N Creek.

Millstone Spring 140 65 1999 (D)  Flows from base of rock outcrop located in

87215958 W 2000 (D, F)  large erosional depression; Flows 100 m
3 637 39.69 N | into the West Branch of the Red River.

a. Baseflow data collected late-summer and fall.

b. Basin areas estimated from normalized baseflow analysis and dye trace studies.
¢. D:digested samples; F: filtered samples
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Figure captions

F}gures 1a, 1b and 1c. Research site: (a) regional location with state capitals, (b) local area, (c)
' apprexzm&te location of springs used in the study (Vesper, 2{)02)

- Figures 2a and 2b. Variability of digested sample concentrations for selected elements through the 1999
storm at (a) Beaver Spring, and (b) Millstone Spring. Stage (solid blank line) and specific conductance
(solid gray line) are collected continuously; elemental concentrations indicated by symbols for each

sample time. The lines between the individual samples are provided to aid the eye.

Figure 3. Chemographs for digested and filtered concentrations of selected sediment-associated elements.

at Milistone Spring, 2000. Symbols indicate individual water samples; the lines between the individual
samples provided to aid the eye.

Figure 4a, 4b and 4c. Comparison of digested Al concentrations with (a) stage, (b) pH, and (c) through
time. Data from Beaver Spring 1999.

Figure 5a and 5b. SEM Micregraphé of filter residues. During baseflow conditions (5a) the grains are
predominately Ca (boxed) or Si (oval) on the fibrous filter. During the main storm response (5b) the filter

is coated with fined grained Al-Si materials (solid background) or Si (large grain in center). ’

Figure 6. Complication of data types for Beaver Spring, 1999. (a) continuous field readings, (b) changes

in water chemistry (from digested samples), (c) changes in the composition of filter residues.
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Abstract

Springs draining two ground water basins in the Mississippian limestone aquifer of
western Kentucky-Tennessee were monitored through a storm event. The purpose of the
monitoring to examine how storm periods affect water quality of a range of chemical types ina
highly-heterogeneous aquifer. Parameters related to bulk carbonate chemistry and specific
conductance (SC) decreased during a storm event, synchronous with the hydrograph for one
spring and with a 12-hour lag at the second spring. Nitrate concentration also exhibited a
minimum during storm flow. These responses were interpreted as dilution due to the rapid input
of runoff into the aquifer. Heavy metal concentrations peak during storm flow and are closely
correlated with turbidity and aluminum thus suggesting that they are transported on and within
suspended particulates. Low concentrations of volatile organic compounds (VOCs) chloroform
and trichloroethene (TCE) vary little during storm flow suggesting a constant reservoir of these
contaminants within the aquifer. Overall, the data demonstrate that storm-induced changes in
water quality vary considerably by analyte; and that this must be considered when designing

monitoring programs for karst and other highly- heterogeneous aquifers.

Introduction

Scientists have long known that the transport of contaminants in ground water is closely
linked to the contaminant’s type, chemical form, mode of introduction, and interaction with the
aquifer’s chemical and physical properties. Contaminant migration can be further complicated by
the presence of colloids which may facilitate movement [1]. In highly-heterogeneous aquifers,

another layer of complexity may be introduced if precipitation events cause short-term variability




in contaminant transport and water quality. While storm-related variability is well known in
surface water quality, it has not been as closely studied in ground water systems. |

Karst systems, with their highly localized permeability, are a useful example of a surface-
influenced heterogeneous aquifer. Karst aquifers contain solution-enlarged fractures and pipe-
like conduits. They are vulnerable to contamination due to the direct injection of contaminants
(via sinkholes), the rapid transmission of ground water through fractures and conduits, and their
ability to transport sediments. With these characteristics, flow regimes and water quality in a
karst aquifer often resemble surface water more than they do ground water. Furthermore, these
characteristics help to amplify the differences in the transport of various contaminants within the
aquifer. Another advantage of using karst aquifers to monitor water quality changes is the
presence of springs which can provide a means of integrating aquifer responses on a basin-wide
scale.

The temporal variability of carbonate water chemistry in karst springs has been studied
since the 1960s and has been used to probe the physical hydrogeology of aquifers. The degree of
variability has been attributed, among other things, to ground water travel time [2], physical
hydrogeology [3], and recharge style [4]. However, most of the spring water quality studies
conducted to date have focused on analytes and parameters associated with the carbonate
dissolution, such as calcium and hardness. These data have been used to construct conceptual
models in which the most vulnerable, and most chemically variable, aquifers are characterized
by rapid sinkhole injection, highly localized flow paths with high transmission capacity, and low
storage capacities [5].

Until recently, little attention has been paid to the transport of sediment and contaminants

in such aquifers. Recent work has shown that considerable sediment is transported in karst




aquifers and that the transport is enhanced during storm events [6, 7]. Shevenell and McCarthy
[8] observed that turbidity increased in well water in a karst aquifer following precipitation;
bacteria [9] and pesticides [10] have also been shown to increase during storms. Nitrate response
is more complicated because the concentration depends upon the type of recharge (quick-flow
input via sinkholes vs. dispersed infiltration through the soil zone) [11]. Less data are available
regarding volatile organic compounds (VOCs) and in particular for dense non-aqueous phase
liquids (DNAPLSs). Conceptual models for DNAPLS in karst suggest that they tend to be
sequestered in the subsurface over relatively long time scales, [12, 13], resulting in water
concentrations which are generally constant or decrease slightly during recharge events [12, 13].
However, there are limited data comparing the concurrent response of multiple types of
contaminants and analytes in a single spring [14].

The purpose of this study was to obtain storm-period chemographs for a range of
contaminant types in an aquifer that has highly variable permeability. The data illustrate the
storm response for different types of contaminant storage and transport within a single aquifer.
They also provide a useful guide for determining monitoring procedures within other temporally
variable contaminated aquifers.

Site Description
The aquifer investigated is located on and near the Fort Campbell Army Base, along the
Kentucky-Tennessee border (Figure 1a). Fort Campbell encompasses approximately 430 km®

(Figure 1b) of which approximately 80 percent is used for military ranges and is largely

undeveloped. Over 30 perennial springs have been identified within an area of approximately




250 ke around the base. The area surrounding Fort Campbell is largely agricultural with some
commercial and industrial uses.

The region is located on the Western Highland Rim of the Nashville Basin and is underlain
by the limestones of the Mississippian St. Louis and Ste. Genevieve formations [15, 16]. The Ste.
Genevieve Formation is found in topographically high areas and largely consists of thickly-
bedded limestone with thinner beds of dolomite. Discontinuous layers of chert and fossils are
present. The St. Louis Formation outcrops primarily in the waterways and topographic lows to
the south. It is dolomitic, argillaceous, silty, and fossiliferous. Between 0 and 30 m of
unconsolidated regolith are present above the limestone. This consists of an upper layer of
reddish brown clays and a lower layer of gravely clay. Chert nodules are commonly found at
regolith — rock contact.

The bedrock surface has a strongly developed cutter and pinnacle topography with an
internal relief of 3 to 10 meters (Figure 2). The cutters, solutionally-widened fractures, are filled
with regolith and topped with soil. This portion of the recharge system, the epikarst, can act as
temporary storage for infiltrating or perched ground water and also as storage for contaminants,
particularly for strongly-sorbing organic compounds. The water in the epikarst is typically
highly-conductive due to elevated carbon dioxide from the overlying soils and the high surface
area of the fractured and broken rock [17]. Water may be flushed from the epikarst early during
storms and can be identified at springs by its elevated conductivity.

Recharge to the aquifer is by dispersed infiltration through the regolith and by quickflow

into sinkholes. Recharge by sinking streams (also called allogenic recharge) is a relatively minor

contribution to the total recharge of the two ground water basins under investigation.




The primary focus of the study was on two springs, Beaver and Millstone (Figure 1¢). Both
springs are flashy end-member springs with variable water chemistry and discharge.
- Hydrographs from Beaver and Millstone springs crest soon after a rainstorm (approximately 12
to 24 hrs, respectively). The spring basins have similar geology, recharge types, topography, and
potential contaminant sources. Estimated basin sizes are 1.5 kn?® for Beaver Spring and 65 km?

for Millstone Spring.

Methods

Water samples were collected from the springs during short time intervals over storm
events in June 1999 and June 2000. The samples were collected at intervals ranging from 0.5
hour to 12 hours; closely-spaced intervals were used initially when the springs were undergoing
rapid changes while widely-spaced intervals were used as the springs neared baseflow
conditions. The samples were collected using automated samplers programmed to begin sample
collection with stage increase.

Field data collected concurrently with the water samples include precipitation, stage,
specific conductance (SC), temperature, and turbidity. The precipitation data for 6-hour intervals
were obtained from the Fort Campbell Army Airfield. Stage, SC and temperature data were
collected by Ewers Water Consultants, Inc. of Richmond, Kentucky. The parameters were
measured at 10-second intervals with 2-minute averaging and recorded on a digital datalogger.

Each water sample was split into aliquots and prepared as appropriate for the analyte and
laboratory method (Table 1). Some of the metal samples were further split into two: one aliquot

was digested and is interpreted as the total metal transport (dissolved plus particulate); a second

aliquot was filtered to estimate the “dissolved” load [18, 19]. VOC samples were analyzed using




an GC-MS as were part of the Fort Campbell environmental investigation [20]. The spacing of

the VOC samples was less frequent than for the inorganic samples but they were collected during
critical storm periods.

Results and Discussion

The precipitation events and the antecedent moisture conditions were considerably
different for the two storms sampled. In 1999, the sampled storm produced 5.6 cm of rain
between June 24 and 25" (Julian Date, JD 174-175). The 2000 sampled storm was preceded by
a large rain event. The sampled storm was 2 cm on June 17% and 18th (JD 169-170). While
these storms are not necessarily representative of much larger storms, they occur at regular
frequency (six storms with greater than 5.6 cm of rain occurred 1999) and hence they represent
commonly-encountered aquifer conditions.

The sampling frequency within the storms varied by spring; samples from Beaver Spring
were more closely spaced and therefore provide a more detailed illustration of transport
behavior. However, while the discussion is centered on the 1999 data from Beaver Spring, it
should be noted that the conclusions are consistent at both springs and for both years of data.

Carbonate Data. Spring discharges and water chemistry changed in response to the rain
events although clearly greater precipitation in 1999 elicited a larger spring response.
Concentrations of carbonate-dissolution derived chemical species, such as Calcium, decreased
during the storm (Figure 3). Calcium concentrations are high during baseflow conditions when
the water has a longer contact time with the carbonate bedrock and are diluted by the influx of

recharge water during storms. While the variability of carbonate species at springs during storms

has been well studied, we provide the data here for comparison with the other components.




The timing of the arrival of the recharge water provides clues to the physical hydrogeology
of the system [21, 22]. At Beaver Spring, the coincidence of the minimum Calcium
concentration with the maximum discharge suggests that the ground water transmission system
feeding the spring is open to the air (water table or vadose) and not fully submerged (phreatic).
At Millstone Spring, the Calcium minimum lags the stage maximum by approximately 12 hours
suggesting that the system may be, at least in part, phreatic (Figure 4). The lag is attributed to the
time required for the recharge water to displace the antecedent water in the flow system [21].
This occurs because, in a phreatic system, the pressure pulse travels ahead of the recharge water.
In contrast, the lack of a lag at Beaver Spring suggests it is fed by a vadose flow system in which
the pressure pulse and fresh water travel simultaneously.

Particulate-Associated Metal Data. Increases in turbidity during storm events signify the
transport of particulates (Figure 3). While granular or fractured aquifers may commonly
transport colloid-sized materials, carbonate aquifers are capable of transporting large quantities
and a much wider range of sediment sizes [6]. The digested water samples include both the
dissolved and solid-phase transport, and therefore the metal concentrations measured in this
study represent the total metal transport. Chemographs of both the major non-carbonate and trace
metals demonstrate that the total metal transport is enhanced during storms (Figures 5 and 6).
Comparison of the digested and filtered water samples confirms that nearly all of the non-
carbonate metals (Fe, Mn, Al, As, Cu, Pb, Ni) are present in particulate form [19].

Karst aquifers are capable of transporting mobile sediments ranging from colloidal to

boulder size, therefore we have not made a distinction between the sizes of particulates causing

spring turbidity. Possible sources of turbidity include increased surface soil erosion and injection




of solids into sinkholes, entrainment of solids already within the flow system, and the generation
of colloids due to changes in water chemistry.

The greatest change in turbidity is coincident with the stage maximum at Beaver Spring
and lags the stage maximum slightly at Millstone Spring (Figures 5 and 6). If the stage
maximum, Calcium minimum, and turbidity maximum are concurrent, then the sources of the
turbidity cannot be determined by the timing. However, at Millstone Spring the calcium and
turbidity changes coincide and they both lag the stage maximum by approximately 12 hours.
This suggests that the source of the turbidity is surface soils and that the storm is not re-
entraining sediments already deposited in the flow system. If re-entrainment were a si@ﬁmt
source of mobile sediments to the spring, then the turbidity maximum would be expected to
coincide with the stage maximum.

Shevenell and McCarthy [8] found that turbidity increased in karst wells following
precipitation although their total change (<5 NTUs) was considerably smaller than what was
measured in springs during this study (~ 150 NTUs). Based on the lack of consistent
relationships between turbidity and other chemical parameters, they concluded that chemistry
alone could not account for the géneraﬁon of turbidity. Using Al as a proxy for mobile sediment,
we found that the total Al concentration is much more closely related to stage (discharge) than to
pH (Figure 7). The “groupings” of the Al concentrations, relative to pH, can be attributed to the
time of the storm. Because the high-velocity storm water introduces copious amount of recharge
for dilution of the carbonate-buffered water, the pH is not independent of discharge.

Based on the strong relationship between stage and Al concentration, plus the timing of the

maximum turbidity relative to discharge, we conclude that the primary source of particulate-

associated metals to the spring is the erosion of surface soils and their injection into the aquifer.




Nitrate Data. Nitrate concentrations decreased during storms with a chemograph similar
to that of calcium (Figure 8). Early spikes in nitrate concentrations suggest that the nitrate is
being stored in the epikarstic zone. The coincidence of early-storm spikes in both nitrate and
calcium suggests that the nitrate-rich epikarstic water is being flushed out of storage by the less-
conductive rain water.

Studies of Floridian Springs [23] found that nitrate concentrations varied depending upon
the availability of source nitrate. Nitrate concentrations in Mill Pond Spring, Florida, increased
following storms. However, decreases in nitrate concentrations, similar to those observed at Fort
Campbell, have been observed in Big Spring, Towa [11]. Unlike Fort Campbell, the initial
decrease in concentration at Big Spring was followed by a significant increase as the dominant
recharge mechanism switched from quick-flow input to dispersed infiltration. The short spike
followed by a longer decrease in nitrate concentration can be interpreted as (1) the flushing of the
epikarstic zone, and (2) the influence of dilution from quick-flow recharge. Given the small size
of the Fort Campbell springs relative to either Mill Pond Spring or Big Spring , it is likely that
our spring basins are more simplistic and that recharge occurs over a shorter timeframe.

VOC Data. Samples collected concurrently with this study by the U.S. Army contained
detectable concentrations of chloroform and trichloroethene (TCE) in spring water. Although
only five samples were analyzed for VOCs at Beaver Spring in 1999, they were collected during
critical times of the storm response (Figure 8). The VOC concentrations were constant within 1.6
?g/L and the data suggest that a slight decrease may have occurred during the main storm. While
the spacing of the VOC data make any conclusions speculative, low concentrations of
chloroform and TCE in spring water have commonly been detected throughout Fort Campbell’s

spring sampling program during both storm and baseflow conditions [20].




The data are in agreement with the conceptual model by Loop and White [13] in which
they proposed that DNAPLSs are stored in the aquifer and are gradually released at fairly-constant
low concentrations during low and moderate flow conditions. The concentration at the spring
resulting from this gradual release will depend on the solubility of the compound, the amount of
the DNAPL stored, and the location of storage. Above a threshold value, high velocities may
entrain the DNAPL or the associated sediment and cause episodic transport. The threshold value
will depend on the specific system, DNAPL, and mode of storage. At Fort Campbell, these
compounds may be stored in the residuum or epikarst from which they are gradually released
from either sorption or DNAPL form.

Variability by Chemical Type. Temporal variability in karst water quality has frequently
been quantified by the coefficient of variation (CV) [3]. The data in this study illustrate that the
carbonate-related CVs are not indicative of all groups of chemicals (Table 2). The CVs of the
particulate-associated metals are consistently higher than those for the carbonate parameters.
Dilution is the controlling process for carbonate variability while flow velocity is the controlling
process for particulate chemistry variability; the different CVs suggest that these processes are at
least partially decoupled. The 2000 storm was considerably smaller than the 1999 storm, but the
relative relationships of the CVs were similar for both years, thereby suggesting that the size of

storm may change the magnitude of the responses but not their relative sizes. These relationships

were consistent in both of the springs included in the study.
Overall, the data demonstrate that storm-induced chemical changes can vary widely in an
aquifer with highly-localized flow paths. During the studied storm, the particulate-associated

metals increased in concentration, the carbonate metals and nitrates decreased in concentration,

and the VOCs concentrations remained relatively constant. The processes controlling the storage




and transport of each group of species likely also differ and contribute to the final form of the
storm chemograph (Figure 9). Carbonate metals and nitrates are primarily controlled by
dissolution and/or release during baseflow and dilution during storms. The particulate-associated
metal concentrations are controlled by the injection of surface soils during storms and the
aquifer’s ability to transport solids. The VOCs relatively constant concentration suggests that
they are continuously released from storage with little change due to storm events.

The degree and range of variability illustrate that contaminant transport in highly-
heterogeneous aquifers may need to be assessed during storms. While this example is from a
karst aquifer, similar changes may occur in fractured or other aquifers with localized flowpaths.
Clearly, water quality monitoring in such aquifers will provide a range of results unless the data

are collected and understood within the context of precipitation and recharge.
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Table 1. Analytical Methods Utilized

Analyte Sample Handling Analytical Method
Group
Metals ~  Preserved with HNO; Finnegan high resolution Inductively-
- Samples digested using HNO; Coupled Plasma-Mass Spectrometer
modified from USEPA (USEPA, (ICP-MS)
2000)
- Limited number of aliquots filtered
using a 0.45-?m pore flow-through
filter prior to preservation
Anions - Samples filtered. Dionex Ion Chromatograph (IC)
TOC - Samples preserved with HCl Shimadzu (TOC-5000) carbon analyzer
VOCs - Collected with zero-air and Gas Chromatography — Mass
preserved with HCI Spectrometer (GS-MS)
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List of Figures

Figures 1a, 1b and 1c. Research site: (a) regional location with state capitals, {b) local ares, (c)
approximate location of springs used in the study

Figure 2. Example of the epikarst in the Fort Campbell Area.

Figure 3. Chemographs for calcium and turbidity with continuous data for stage and specific conductance
(SC) at Beaver Spring 1999. Lines provided to guide the eye.

Figure 4. Chemographs for calcium (digested samples) and turbidity with continuous data for stage and
specific conductance (SC) for Millstone Spring 1999. Lines provided to guide the eye.

Figure 5. Chemographs for major metals associated with particulates at Beaver Spring 1999. All
concentrations from digested samples. Lines provided to guide the eye.

Figure 6. Chemographs for trace metals associated with particulates at Beaver Spring 1999. All
concentrations from digested samples. Lines provided to guide the eye.

Figure 7. Relationship of Al with stage and pH. Stage is used as a proxy for discharge.

Figure 8. Chemographs for nitrates and VOCs at Beaver Spring 1999. Lines provided to guide the eye.

Figure 9. Example chemographs and the controlling processes for various types of elements and
contaminants.
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Spring and Conduit Sediments as S‘mrage
Reservoirs for Heavy Metals in Karst Aquifers

Dorothy J. Vesper* and William B. White**

Abstract Sediment samples were collected from six springs draining the karst aquifer at
Fort Campbell, Kentucky/Tennessee. The samples were analyzed using a selection
extraction procedure that separates the metals into 5 operationally-defined fractions:
exchangeable, carbonate, oxides, organics and residual. These and the total metal
concentrations were analyzed by inductively-coupled plasma mass spectroscopy. The
data show that metal distribution between fractions varies significantly between metals
and by location. Aluminum and iron are primarily present in the residual fraction, while
calcium is split between exchangeable, carbonate and residual fractions. Manganese may
be dominantly in either the oxide or carbonate fraction. The redox-sensitive metals (Fe
and Mn) have the greatest fractional distribution in the spring with the thickest sediments.
Trace metals detected include Cr, Cd, Ni, and Pb in the range of a few to 200 mg/kg.
Trace metal distribution between fractions is dependent on the location. In Beaver Spring

- nickel is distributed between the exchangeable, carbonate and organic fractions while in

Gordon Spring nickel is largely residual. Chromium is almost entirely associated with

the organic fraction in Beaver Spring while it is largely residual in Gordon Spring. The

differences in the trace metals are likely to depend on both the source of the metal

(particularly the differences between background and contaminant sources) and the
-sediments physical and chemical characteristics. '

*Dorothy J. Vespef, Department of Geology and Geography, West Virginia University,
- Morgantown, WV 26506. dvesper@geo.wvu.edu

** William B. White, Department of Geosciences and Materials Research Institute, The
Pennsylvania State University, University Park, PA 16802. wbw2@psu.edu




Introduction

A characteristic of karst aquifers is that much of the water that moves through
them is localized in a system of conduits which drain to karst springs. Flow velocities in
the conduits often become sufficiently high that clastic sediments are also flushed though
the conduit system either as bed load or as suspended load. Transport of sediment is
- episodic with most transport taking place during storm flow in the conduit system. As
storm flows recede, clastic sediments are left behind in the conduit system and at the
- spring mouths. The clastic material consists of either weathering residues from nearby
clastic rocks flushed into the system by sinking streams or surface soils and regolith
injected through sinkholes and open fractures at the base of the epikarst. Sand, silt, clays
and occasionally larger rock fragments make up the bulk of most clastic cave sediments.

- Numerous recent studies have reported the transport of suspended particulates in

~ karst aquifers during storm events. Ryan and Meiman (1996) measured the turbidity of a
spring in Mammoth Cave National Park over two storm events and were able to show
that the suspended particulate concentration increased during storms and that it originated
from an agricultural recharge area. Atteia and Kozel (1997) showed that the size of
particulates discharged from a karst spring changed over the course of a storm. They
found that the concentration of small particles increased slowly during a storm and

- remained high when the water level decreased. The concentration of large particles
increased and then decreased quickly after a storm flow receded. Mahler and Lynch
(1999), in an investigation of Barton Spring, Texas, found that the maximum particle

- diameters were discharged coincident with the maximum total suspended solids
concentration. - Prout (2001), investigating springs in Pennsylvania, found similar

“changes in particle sizes and mineralogy over the course of a storm. Shevenell and
McCarthy (2002) used turbidity in karst monitoring wells to argue that turbidity in large

storm was controlled by flow dynamics whereas water chemistry played a more
important role in small storms.

The flux of sediment serves to transport metals through karst aquifers attached to

- fine-grained suspended sediments (Vesper and White, 2003). It might be expected, then,

- that the clastic sediment held in storage within the conduit system is also a storage site for
metal contaminants. Spring mouth sediments are convenient sampling points for the
investigation of heavy metal storage and can be assumed to also be representative of
sediments stored upstream in the conduits. The present paper is concerned with clastic
sediments as a storage medium for both the naturally occurring metals iron and

- manganese and a suite of trace contaminant heavy metals.

Field Site and Experimental Techniques
The Western Kentucky Karst Aquifer

The spring sediments and soils investigated in this paper were collected on and
near the Fort Campbell Army Base, along the Kentucky — Tennessee border

approximately 80 km northwest of Nashville, Tennessee. The Base is permitted under




the Resource Conservation and Recovery Act (RCRA). 1t is a useful site for the present

study because of the large number of other investigations concerning source area
-contaminant identification, ground water tracer tests, spring ground water basin

delineation, and surface water and spring chemistry studies. The developed areas of the
Base make up less than 20 percent of the 430 km” reservation. The remainder is
undeveloped and used for ranges and military training exercises. The area surrounding

‘Fort Campbell is largely agricultural with some residential, commercial and industrial
uses. ; ' '

- Fort Campbell is located on the western Highland Rim of the Nashville Basin
(Fig. 1). The region is bordered by the central basin to the east and south, and the
western valley of the Tennessee River to the west. To the north the region transitions
into the Kentucky Pennyroyal Plain, a well-known karst terrain. The Highland Rim is a
 broad flat area that tilts slightly to the west. The surface elevation is approximately 120
-m above the Nashville Basin and only 90 m above the western valley (Luther, 1977). In
~ the region of Fort Campbell, the Highland Rim surface has been highly dissected by the
Cumberland River and its tributaries. S . ,

Fort Campbell and the surrounding areas are underlain by limestones of the
Mississippian Ste. Genevieve and St. Louis formations. The strata are nearly horizonal
with a regional dip of 4 — 11 m/km to the west-northwest (Kemmerly, 1980). However,
locally, there may be a slight dip to the south (Klemic, 1966, 1974). The St. Louis
Formation is typically a calcarenite with discontinuous layers of siliceous and dolomitic
calcarentite and cherty layers in the lower part of the formation. It outcrops primarily
along river valleys and in topographic lows. The Ste. Genevieve Formation consists of
thick bedded limestone with thinner beds of dolomite. A zone of chert nodules (the Lost
River Chert) is often found in the lower 3 — 6 meters of the formation. The Ste.

- Genevieve Formation is found at the surface only at higher elevations, particularly in the
northern part of the army base. :

The limestone surface, where exposed in road cuts, is seen to be deeply etched by
solution into a cutter and pinnacle topography with a relief of 5 — 10 m. This weathered
zone (the epikarst) is draped with a thick regolith that completely covers the bedrock
surface. The regolith consists of an upper layer of reddish brown clays and a lower layer
of gravely clay. Discontinuous bands and partings of silty materials are present. Chert
nodules are commonly found at the regolith — bedrock contact. The cherty rubble
provides a zone of high permeability at the base of the epikarst. Overlying the regolith is
a well drained loamy soil of the Pembroke-Crider association, a typical soil derived from
the weathering of cavernous limestone. ‘ ‘

- Recharge to the carbonate aquifer is mainly by dispersed infiltration through the
epikarst along with storm runoff into sinkholes. In spite of the generally thick regolith,
storm recharge is very rapid and produces well-defined storm peaks on the spring
hydrographs. Sinking streams are a minor part of the recharge.




More than 30 perennial springs have been identified within a 250 km? area around
the Base. Locations of those selected for detailed investigation are shown in Fig. 2. The
ground water basins that drain to these springs were determined by extensive dye tracer
studies carried out by Ewers Water Consultants as part of the Fort Campbell
environmental assessment activities. The location and characteristics of the chosen
~ spring are given in Table 1. '

Sediment Sampling

The samples collected include both spring sediments and soils (Fig. 3). These
- were selected to provide an initial assessment of site conditions. Three of the Fort
Campbell springs — Beaver, Eagle and Millstone — were also used in water chemistry
studies (Vesper and White, 2003; Vesper and White, in press). The other two Fort
Campbell springs — Gordon and Quarles — have very different morphologies and were
included to determine the importance of morphology on sediment accumulations and
chemistry. Nine surface soil samples and four subsurface samples were collected at Fort
Campbell to provide data for suspected source areas (Table 2). Three of the subsurface
samples were from a single location with a matching surface sample.

Extractions and Analysis

The spring sediments and soil samples were analyzed for their physical
characteristics, mineralogy, bulk chemistry and extractable metals. Mineralogy was
determined by x-ray powder diffraction (XRD) with grain-by-grain chemical analysis by
energy dispersive x-ray spectroscopy (EDX). Also analyzed were cation exchange
capacity (CEC) and total organic carbon (TOC). The extractions included a sequential
 analysis that separates metals into five operational fractions.

- Total metal concentrations were determined by digesting dried sieved samples in
hydrochloric and hydrofluoric acids using a microwave digester. The resulting solutions
were analyzed for major elements by atomic emission spectroscopy and for trace metals
with a Finnegan inductively coupled plasma mass spectrometer (ICP-MS). An indium
spike was used as an internal standard. Nine pairs of duplicate samples were analyzed.
Agreement between pairs was generally within 10 percent.

- The extraction procedures were modified from the European Community Bureau
of Reference (BCR) protocol (Quevauviller et al., 1993, 1994). For sample preparation,
samples were weighed out into centrifuge tubes. Each sample was analyzed in duplicate
or triplicate and one tube from each set of 12 was reserved as a process blank. The mass

- added to each tube was the equivalent of 0.8 g dry weight. The fractions are outlined
below: :

Fraction #1 : MgCl, — exchangeable ions.

Fraction # 2 : Acetic acid — carbonate extraction.




Fraction # 3 : Hydroxylamine - reducible cations.
Fraction # 4 : Hydrogen peroxide — oxidizable cations.

Fraction # 5 : Residue.

Sediment Mineralogy and Bulk Chemistry
,Cﬁamcteristics of Spring Sediments and Upland Soils

; The distribution of spring sediment and soil particle sizes is shown in Fig. 4.
According to particle size alone, the spring sediments contain between 10 and 30 percent
clay. The Gordon Spring sediment has the highest sand content of any of the springs.

- The subsurface soil samples have the highest percent clay. ‘

X-ray diffraction data indicate quartz as the dominant mineral in all samples.

Minor minerals identified include feldspar, muscovite, and kaolinite. Calcite and
dolomite occur very sparsely in only a few samples showing that both soils and spring
sediments are well leached. In an effort to identify clay minerals, random mounts, ‘
packed slides, preferred orientation slides, and slides of separated fine-grained materials

- were examined. The diffraction patterns did not depend on slide preparation and except
- for minor kaolinite, the quantity of clay identified in the x-ray diffraction pattern did not
account for the clay sized particles found in the particle size analysis.

The EDX chemical analyses (Fig. 5) generally complimented the XRD data. The
two samples with calcite peaks in their XRD patterns also had high Ca by EDX. As
expected from the dominant quartz in the XRD data, 70 — 80 elemental percent is silicon
in most samples. Aluminum is in the range of 10 percent. Aluminum should be a proxy
for clay, along with the minor feldspar. On a mole basis, a matching amount of silicon is

- required for the clay structures, for example, kaolinite, AL;SisO10(OH)g. Thus, a
substantial amount of clay appears to be present in all samples in spite of its sparse
-occurrence in the x-ray diffraction patterns. Another element with a ubiquitous presence
in the EDX spectra, which does not appear in the x-ray diffraction patterns, is iron, also
~ typically present in the range of 10 — 15 percent. Iron in the form of hydroxides and
oxyhydroxides often occurs as coatings on other mineral grains. The electron beam in
the scanning electron microscope has a relatively low penetrating power so that chemical
analyses are obtained mainly from the surfaces of the mineral grains. A significant
concentration of iron determined by EDX in the absence of iron-containing minerals by
x-ray is entirely consistent with iron hydroxide coatings on mineral grains.

Comparisons of the composition of shallow surface soils, deep soils, and spring
sediments (Fig. 5) did not reveal any dramatic differences. The subsurface soils tend to

have higher aluminum concentrations as would be expected from their higher content of
clay-sized particles. -




Bulk Metallic Elements

Chemical analyses obtained from complete digestion of the sediment samples
revealed silicon, aluminum, iron, and some calcium as major constituents, potassium,
sodium, magnesium, and manganese as minor constituents, and zinc, chromium, nickel
~ lead, and cadmium as trace metals. Complete numerical data for all samples may be
found in the thesis from which this paper is extracted (Vesper, 2002).

'Linear correlations exist between the concentrations of certain of the constituents.
Matrix correlations for the spring sediment samples (Table 3) indicate that statistically
consistent correlations exist for the parameters CEC-Al-K-Fe. The silicon concentration
which is closely correlated with Al and Fe in suspended sediment samples (Vesper and

~ White, 2003) was negatively correlated in the spring sediment samples. Similar patterns
exist in the surface’ soil data (Table 4).

- Because the analytical data suggest that the spring sediments and the soils do not
represent distinct chemical populations, they can be combined into a larger data set in
which more correlations are statistically significant at a = 0.01 (Table 5). While the
combined data set has more statistically significant correlations, many of the correlation
coefficients are low, especially for the trace metals. As was found for the individual data

sets, silicon does not correlate with aluminum and iron although it does correlate with
manganese.

The lack of correlation between Si and Al reflects the high concentration of quartz
in both sets of sediments and the variability of clay content. While manganese
correlations between Si and Fe are not strong (R? values of 0.49 and —0.60 respectively),
they suggest that Mn occurs predominantly as coatings on quartz particles. Manganese

coatings are known to deposit preferentially on sandstone pebbles or on chert nodules in
_cave streams. :

- Extractions
Distribution of Major Components and Trace Metals

In general, the major metal distributions identified by selective extraction fell into
two groups: those that fell primarily into the residual fraction and those that were more
widely distributed between multiple fractions. The trace metals varied more by location
and metal. The sum of the extracted fractions was compared to the total concentration for
each metal. The correlation was stronger for the major metals than for trace metals. The
correlation for Al, Ca, Cr, and Mn had R? values greater than 0.8. Fe had an R? value of
0.73. Cd, Ni, Pb, and Si had R? values below 0.5. Higher analytical error for the trace

metals as well as sample heterogeneity both contribute to the lack of perfect correlation
between the two analytical procedures. ' '

Iron was primarily present only in the residual fraction (Fig. 6) suggesting that
iron coatings on mineral grains are not extracted by the hydroxylamine hydrochloride.
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Only samples from Quarles Spring (QD200 and QD201) contained substantial
concentrations of iron in the carbonate and oxide fractions. Quarles Spring is a rise pool
with up to 0.3 meters of loose, fine-grained sediment with a substantial organic content.
Thus the sedimentary environment of the spring is important is determining the
partitioning of iron between immobile coating and more mobile forms.

This distribution of manganese between fractions was the most variable of the
- major metals (Fig. 7) and the distribution is somewhat surprising. Observations of many
cave stream sediments suggest that manganese is common and occurs as black coatings
‘on mainly silica surfaces. These coatings are usually the highly disordered mineral
birnessite ( 8-MnQ,) which is known as an effective scavenger for transition and rare
earth metals. MnO; is easily reduced to Mn** and this may account for the dominance of
Mn in the F3 (reducible) fraction. However, a significant percentage of the manganese
~ remains in the F5 (residual fraction) and apparently represents a form of manganese that
was not reduced during the extraction procedure. As was the case with iron, the
- fractionation of manganese in the organic-rich, rise pool environment of Quarles Spring
- is different from the fractionation in the other free-flowing, organic-poor springs. Much
of the Mn in Quarles Spring appeared in the F2 (carbonate) fraction. The more reducing
environment of Quarles Spring brings the manganese into the Mn®* state but the high
bicarbonate activity in the water is apparently sufficient to precipitate Mn®* as a
carbonate phase. Quarles Spring also has a significant percentage of the Mn in the F1
(exchange) fraction, consistent with more Mn** in the water. ,
Extraction data for four of the five trace metals are shown in Figs. 8-11.
- Chromium is present in the range of 5 — 140 mg/kg with most of it concentrated in the
residual (F5) fraction. The valence state of chromium is not known. If present as Cr**, it
will be highly insoluble. Under these circumstances it is not surprising to find chromium
in the residual fraction. Cadmium is a very minor constituent in most of the sediments,
present at less than 10 mg/kg (Fig. 9). In spite of the low concentration, cadmium was
mainly concentrated in the residual fraction with some distribution into the other
fractions. Only in the case of surface soil BD101 was cadmium concentration higher in
- the carbonate fraction than in the residual fraction. Nickel occurred in the concentration
range of 20 to almost 200 mg/kg. Nickel was primarily in the residual fraction although
some samples contained observable organic or oxide-bound concentrations (Fig. 10).
- The distribution of these three trace metals between fractions in the spring sediments was
not significantly different from the distribution in surface soils. ’

- Lead is present in all sediment samples in the range of 20 — 90 mg/kg. Lead was
the only trace metal for which there may be a difference between the soil samples and the
spring sediment samples (Fig. 11). Lead is much more widely distributed over the
extraction fractions. Although a portion of the lead remains in the residual fractions,
substantial fractions of the lead occur in both oxidizable (F4) and reducible (F3) fraction.

Although lead carbonates might be expected in these karst waters, lead in the carbonate
fraction was negligible.
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Comparison of Sediment Composition with Water Composition

In the parallel investigation to this study (Vesper and White, 2003), it was shown
that metals in the spring water itself primarily moved during storm discharges. It was
shown that the primary transport mechanism for metals was by adsorption onto small

“suspended particulates in the storm water. Comparison of the total concentration of each
- metal in the spring mouth bed sediments (from the sum of the fractions) and the mean
maximum concentration in unfiltered storm water (F ig. 12) gives a power law fit of

Coy = AC'2

- This is probably a direct proportion to within the fit of the data, R> = 0.89. A similar

relation is obtained if the metal concentrations in surface soils are plotted against the

‘concentrations in the spring water. Whether the bed or suspended sediment concentration
is the dependent variable depends on whether the suspended sediments contribute to the -

- bed sediments (a depositional process within the conduit system) or the other way around

- (an erosional process within the conduit system). It is likely that both processes occur

- depending on storm intensity. This would provide for considerable sediment mixing and

homogenization of the metal concentrations. |

It is also possible to compare metal concentrations in the spring mouth sediments
with the concentrations of metals actually dissolved in the spring waters (Fig. 13). The
metal concentrations in the water were obtained by analyzing water samples that had
passed through a 0.45 um filter. These data can be also fitted with a power law

C.mi = 4 Ci:fer

For this fit, R2 = 0.93. There is a relation between metal concentrations in bed sediments
and concentrations of dissolved metals in the water but it is not linear.

An attempt was made to compare the metal concentrations from the individual
fractions with the concentrations in the water. Reasonable plots similar to Figure 12 were
obtained for the residual fraction (F5) and the organic fraction (F4). Data for the other
fractions had too much scatter to be useful. In part, this may have been due to the very

low concentrations in these fractions.

Discussion and Conclusions

The results of this investigation can be summarized in a conceptual model (Fig.
14). Tt appears that surface soils are the primary source of spring and conduit sediments
in the hydrogeologic setting investigated. They are injected into the aquifer during storm
events and are stored within the aquifer and discharged through the springs. Storm flow
provides a means of winnowing the metal concentrations by flushing out the fine-grained

materials. The strong major-trace metal correlations in the suspended sediments are not
present in the stored bed sediments.




In addition to transport of sediments from the surface and through the aquifer,
spring sediment is introduced via slumpage at the spring mouth. Back flood deposits
from adjacent surface waters may also introduce considerable sediments in some
locations. Sediments stored in both the conduits and the springs interact with the water
chemically; the interaction may be limited by the degree to which the water flows
through the sediments. Springs in which the water discharges in a wide area through the
sediments have considerable sediment/water interaction while other springs have limited

interaction because of low diffusion capacities in the sediments and a localized water
source.

Gesmorphelogy at the spring may be the most important control on the bed

- sediment chemistry. Springs that decant water from rise pools and have a low gradient

- spring run are more likely to accumulate fine-grained sediment than are spring with
highly variable discharges and a high-gradient spring run. Accordingly, spring sediments
that are characterized by erosional processes are less likely to accumulate and alter

- sediments than are springs characterized by depositional processes. The presence of
organic compounds, regardless of whether their source is contamination or detrital

organic matter, can catalyze microbial induced reducing conditions and thereby alter the
- spring sediment significantly. :

Ultimately, physical processes control both sediment type and chemistry. While
chemical processes may be important in local condition (e. g., redox conditions), they are
governed in turn by the physical process (such as the potential for a spring to accumulate
sediments). Although the trace metals investigated in this study could be expected to
exhibit a range of speciation and behavior, that was not observed. For example, the
speciation of three of the six metals should be controlled by oxidation state (Fe, Mn and
Cr) but they do not behave in a consistent manner. While Cr may be expected to differ
from the first two because Cr is more mobile in its oxidized form whereas Fe and Mn are
more mobile in their reduced forms, no obvious trends were observed. Four of the six
metals are commonly associated with carbonates (Fe, Mn, Pb, and Cd) yet Mn was the
only metal with a considerable mass extracted in the carbonate (F2) fraction. The
discrepancy between the expected and observed fractionation may also be explained by
the dominance of physical over chemical processes. The bulk chemical relationship
- between suspended and bed sediments implies that the two are closely linked by physical
processes. Hence the different in surface chemistry between individual metals may not
_ be important to the overall system.
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Table 2. Description of sediment and soil samples.

Location ~  Sample ID Location Description

BD200

Beaver Spring - from underneath rock ledge

Subsurface @ BS-B
Soils

BS-C

 ES-0-2

- ED200  Eagle Spring - from orifice furthest from creek
gogfampbeﬂ GD200  Gordon Spring - central location, spring nearly dry
Sogirents  MD200  Millstone Spring - from underneath rock ledge
' QD200  Quarles Spring - at edge of central depression
QD201  Quarles Spring - in spring run near central depression
BS-E Wooded area above Beaver Spring
BD101  Soil peninsula at Beaver Spring
BS-D - ‘Wooded area above Eagle Spring
F ED101 Soil bank at Eagle Spring. Sample collected appmxxmately 1 m below grade
ot from side of bank.
Campbell o st an
Soils and BS-A Lawn near filled sinkhole in Main Cantonment Area

Fill material used for railroad construction (above Beaver and Eagle). No
vegetated covering yet.

-Edge of wooded and grassy area, above Eagle Spring. May be near former

gravel road.
From drilling of boring "EDIP", 0-0.6 meters (0-2 feet) below grade

ES-9-11
ES-19-21
ES-39-41

PX01

From drilling of boring "EDIP", 2.7-3.4 meters (9-11 feet) below grade
From drilling of boring "EDIP", 5.8-6.4 meters (19-21 feet) below grade
From drilling of boring "EDIP", 11.9-12.5 meters (39-41 feet) below grade

Sediment collected from void in well at PX Service station, approximately 27
meters below grade (approximately 16 meters into rock).

Spring © CLO4H
Sediments for oy 10
Comparison

] Sand

Roadside Spring, orange from acid mine drainage, Overton County, Tennessee
Coldhouse Spring, white from acid mine drainage, Overton County, Tennessee

Sand Spring, discharges from the Tuscarora formation (quartz sandstone),
Centre County, Pennsylvania ,
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Table 3. Matrix correlation with R® values for total metal
concentrations in spring sediment samples.

CEC TOC Al Ca Fe K Mg Mn Na Si Zn Cr N d

Cr —— . ——— — — T - e —— ———

Ni - 093 e e

cd T

Pb___ - o - e e %077 o . . 080

Only the correlations with probability less than an o; of 0.01 are included; correlations with probability
_between 0.05 and 0.01 are marked with an asterisk.
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Table 4. Matrix éorrelation with R? values for total metal |
concentrations in surface soil samples.

% Clay CEC TOC Al Ca Fe K Mg Mn Na Si Zn Cr Ni

~ CEC -

TOC — e

Al 090 0.80 -

Ca - T —

Fe e

‘Mg ~ 074 - 073 %0.68 - -

Mn e een e . "__ o G

Na e e e %083 —

Si 080 - - 073 - %063 - .

Zn . v [t I ) ¥y

Cr e e e 094 - o . 090 -— 085

" Ni L e e e e e el e 079 - 084 076
cd . —_— e - e e .- e e - e e e e
Pb ——— —— o = e een m oem

Only the correlations with probability less than an o of 0.01 are included; correlations with probability
between 0.05 and 0.01 are marked with an asterisk.
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‘,Tabie S. Matrix correlation with R’ values for combined spring
sediment and surface soil analyses.

_%Clay CECTOC Al Ca_Fe K Mg Mn Na Si Zn Cr Ni Cd

CEC 0.55

TOC — — - ,

Al 096 0.62 -

Ca - %047 e e

Fe 080 0.60 -- 075 -

K 051 065 - 055 - -

Mg -~ 076 - --0.80 -- 058

Mn e - - 046 - 060 =
- Na = 054 - -~ 081 - i

Si -094 -0.66 -—- -0.88 -- -0.70 -0.63 *-041 049 -

Zn 062 -- -049 057 051 068 - 032 - -0.66 -0.48

Cr 0.67 *042 -~ 055 - 084 - - 047 - 051 072

Ni = = - %038 - 049 - - - 044 - 068 045

- cd s e e e e 04l e e e 057
~ Pb = 055 o= e ee o 048 043 e e e oo e e e

Only the correlations with probability less than an o of 0.01 are included; correlations with probability

between 0.05 and 0.01 are marked with an asterisk.
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Legends for Figures

Fig. 1 Location and general régional layout at Fort Campbell.

‘Fig. 2 Approximate delineation of ground water basins for Beaver, Blue, Eagle, Gordon,

Millstone and Quarles Springs. Other labeled springs are: BO — Boiling Spring
~ (Base water supply); BM — Barker’s Mill Spring; DN — Dennis Spring; HU —
Hunter’s Spring (Oak Grove water supply). ;

Fig. 3 Approximate locations for Fort Campbell soil samples. Spring samples are
 identified as: GO — Gordon Spring; BL — Blue Spring; BO — Boiling Spring; DN
- — Dennis Spring; EA — Eagle Spring; BE — Beaver Spring; G1 — Gate One Spring.
Additional shallow soil samples were collected near the spring mouth of Eagle
Spring (soil ED101) and Beaver Spring (soil BD101).

Fig. 4 Grain size (iistfibution‘ for spﬁng sediments and surface soils. Sizes are based on
U.S. Department of Agriculture classification (Brady and Weil, 1996). Clay =
<0.002 mmy; silt = 0.002 to 0.05 mm; and sand = 0.05 to 2 mm. ‘

Fig. 5 Comparison of elemental surface chemistry based on EDX data. Spectra were
, collected under 400X magnification and averaged over three frames per sample.

Fig. 6 Extraction of iron into fractions. The BS-A samples are duplicates.

Fig. 7 Extraction of Iﬁanganese into fractions. The BS-A samples are duplicates.

Fig. 8 Distribution of chromium among extraction fractions.

Fig. 9 Distribution of cadmium among extraction fractions. ‘

Fig, 10 Distribution of nickel among extraction fractions.

Fig. 11 Distribution of lead among extraction fractions.

Fig. 12 Comparison of metal concentrations in unfiltered water samples with total
concentrations in the spring bed sediments. Water concentration was calculated
as the mean of the three highest values from the digested samples.

F ig.‘ 13 Comparison of metal concentrations in filtered water samples with the total

concentrations in the spring bed sediments. Water concentrations calculated as
the mean of the three highest values from the filtered samples.

- Fig. 14 Schematic model of sources and physical processes controlling the chemistry of
spring bed sediments.
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